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Introduction
Evaluation of body composition characteristics is impor-
tant in public health nutrition research. The last National 
Health and Nutrition Survey, 2012 (ENSANUT in Span-
ish acronym) reported high prevalence of obesity and 
related disorders in Mexican populations, particularly 
among adults (Gutiérrez et al. 2013). Remarkably high 
prevalence of overweight (39.6%) and obesity (31.6%) 
among adults from the southern region of the country 
have been reported in the survey. Yucatan is one of the 
Southern Peninsular States of Mexico where prevalence 
of excess weight (overweight and obesity) was very high 
(80%) among adults that exceeded the national average 
(71.3%). Prevalence of obesity was higher in the urban 
regions (34%) than in the rural areas (26.5%) of Yucatan 
(Gutiérrez et al. 2013). 
Nutritional status assessment procedures are sum-
marized by the mnemonic ABCD: anthropometric mea-
surements, biochemical parameters, clinical diagnosis, 
and dietary habits (Dwyer et al. 1993). In anthropometric 
evaluation of nutritional status and body fatness using 
skinfold caliper, measurement errors could be high among 
excess weight individuals, particularly among centrally 
obese people (Sebo et al. 2017). Despite some limitations 
on the assumption of hydration factor and body geometry 
of severely obese individuals, bioelectrical impedance 
analysis (BIA) is reliable to evaluate body composition 
characteristics (body fat and fat free mass) with less intra-
observer error than anthropometry (Coppini et al. 2005; 
Macias et al. 2007; Yamashita et al. 2012). The BIA is a 
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Bioelectrical impedance analysis (BIA) is used to estimate body com-
position characteristics. The values of body fat and fat free mass (FFM) are obtained as 
per algorithms of the device that are often unknown to the researchers. Some models 
of the analyzer provide resistance and reactance values that may be useful to estimate 
FFM. Objective of the present study was to test the agreement and proportional bias in 
the estimation of FFM obtained through BIA and that derived from the resistance and 
reactance values using a formula for Mexican adults. A cross-sectional study was car-
ried out in 2019 selected 60 university male students aged 21 to 23 years from Merida, 
Yucatan. A multifrequency whole body bioelectrical impedance analyzer Tanita MC 180 
MA (Tanita Corporation, Tokyo-Japan) was used to evaluate body composition charac-
teristics. The device gives estimates of FFM in kg (based on algorithm) and the resistance 
and reactance values (ohms). There is an existing formula for Mexican adults to estimate 
FFM (FFM_FOR) from the resistance and reactance values obtained through BIA. An agree-
ment between the two estimates of FFM has been tested using Bland-Altman plot and 
linear regression analysis. Mean value of age of the participants was 21.88 years. FFM 
estimated by BIA (FFM_BIA = 41.44 kg) and that derived from FFM_FOR (41.36 kg) had 
signifi cant intraclass correlation coeffi  cient (ICC) (Cronbach’s alpha = 0.99, p<0.0001). One 
sample t-test estimating the diff erence of mean values between FFM_BIA and FFM_FOR 
was not signifi cant (t = 1.37, mean diff erence -0.02, p = 0.18). The Bland-Altman plot 
shows almost all data points lie within 95% confi dence interval limits. A linear regression 
analysis using the diff erence of FFM values as dependent variable and the average of the 
measurements as the independent variable showed no signifi cant interrelationships. In 
conclusion, the formula to estimate FFM using the resistance and reactance values of 
BIA has been found to be useful in the present study.
























simple and non-invasive technique; the portable equip-
ment is relatively non expensive and provides accurate 
results (Bohm and Heitmann 2013; Ricciardi and Talbot 
2007). The bioelectrical impedance (BI) instruments are 
different in number of electrodes and the models have 
in-built software programs (specific algorithm of the 
device that are unknown to the researcher) to estimate 
body composition characteristics by age, sex, and activity 
patterns etc. Several models of BI instruments are available 
in the market and quality assessment and validation are 
very important (Macias et al. 2007; Ramírez et al. 2012). 
The results obtained using BIA are also required to be 
validated with reference to the results obtained through 
dual-energy X-ray absorptiometry (DEXA or DXA) that 
is often considered as a gold standard for the evaluation 
of body composition characteristics (Khalil et al. 2014; 
Scafoglieri and Clarys 2018). 
In this background, instead of using the direct values 
of body composition characteristics obtained from the 
BIA, Macias et al. (2007) developed a prediction equa-
tion to estimate fat free mass (FFM) for the Mexican 
adults using the resistance and reactance (ohms) values 
obtained through BIA and cross-validated the proposed 
equation with reference to the results obtained through 
air displacement plethysmography (ADP). In that study, 
the participants were 20 to 50-year-old men and women 
from Sonora, a northern State in Mexico. The authors 
reported that the equation, based on two-compartment 
model was accurate, precise, and free of bias. They also 
reviewed the literature to justify that ADP was a reliable 
and valid method and as good as hydrostatic weighing 
for the evaluation of body composition characteristics. 
Till date, the prediction formula developed by Macias et 
al. (2007) is a reliable one that is available in Mexico to 
estimate FFM of adult individuals from the resistance and 
reactance values obtained through BIA and the article 
has been cited by many authors stating the usefulness of 
the formula (Balas-Nakash et al. 2010; Caicedo-Eraso et 
al. 2019; Lu et al. 2016; Mbada et al. 2015; Schifferli et al. 
2011; Schifferli Castro and Zuniga 2017; Wada and Tekin 
2007). This raised my interest to use the same formula 
for Mexican adults (Macias et al. 2007) and to find the 
agreement and bias between the estimated values of 
FFM (BIA-based and resistance and reactance-based) in 
a sample of adults from Merida, Yucatan, Mexico.
The objectives of the present study were to estimate 
body composition characteristics (body fat mass and fat 
free mass) of young adult men using the BIA, and to test 
the agreement and proportional bias in the estimation 
of fat free mass (FFM) obtained through BIA and that 
derived from the resistance and reactance values using 
in a formula for Mexican adults.
Participants and Methods
The present cross-sectional study recruited 60 male stu-
dents aged 21 to 23 years from the Universidad Modelo, a 
private University in Merida, Yucatan. The participants 
were selected through non-probability sampling (conve-
nience sample) from a group of students of the Faculty 
of Medicine. Ethical clearance was obtained from the 
institutional committee and the participants signed the 
informed consent form as per guideline. 
Anthropometric measurements were recorded by the 
author, following international protocol (Lohman et al. 
1988). Height (cm) was measured to the nearest tenth of 
a centimeter using a standard stadiometer with platform 
(Seca, Germany). Body weight (kg) was recorded to the 
nearest 0.05 kg using an electronic scale (Tanita Co., 
Tokyo-Japan). Data of age (years), sex, and the anthro-
pometric measurements were necessary for bioelectrical 
impedance analysis (BIA).
Body composition characteristics (body fat mass or 
FM and fat free mass or FFM) were estimated using a 
multifrequency whole body bioelectrical impedance (BI) 
analyzer Tanita MC 180 MA (Tanita Co., Tokyo-Japan), 
following a standard protocol (BIA 1994) and manufac-
turer’s instruction. The equipment had eight pairs of 
tactile electrodes for foot pad and hand grips. Previous 
studies reported reliability of the obtained results using 
a similar model of Tanita (number 305) that mentioned 
best-fit algorithm of the device ( Jebb et al. 2000). Partici-
pants were in light clothing, without jewelry and metal 
objects in the body. They were asked to abstain from 
foods  (fasting for last 12 hours), moderate or vigorous 
exercise, alcohol consumption and any medicine intake 
in 24 hours prior to the evaluation. Assessment was done 
in the morning, between 7 and 8 A.M. Data collection 
was done in the University with prior appointments. The 
participants were apparently healthy and did not report 
any health complications at least in three months prior 
to the evaluation. 
The FFM was also estimated using a formula for 
Mexican adults (Macias et al. 2007). FFM (kg) = 0.7374 
* (Height2 / Resistance in ohms) + 0.1763 * (Body weight) 
- 0.1773 * (Age) + 0.1198 * (Reactance in ohms) - 2.4658. 
The dimensions for age, height, and weight were years, 
cm, and kg respectively. The resistance and reactance 
values obtained from the Tanita MC 180 MA (Tanita Co., 
Tokyo-Japan) have been used in the formula to estimate 
FFM. Body mass index (BMI) might be an interest for the 
readers that has been calculated as weight (kg) divided 
by height in meter square. Evaluation of BMI-based nu-
tritional status of adult men followed standard guideline 
(WHO 1995). Fat mass (FM) (kg and %) was obtained 
from BIA and was also calculated from FFM and body 
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weight. Fat mass index (FMI) was calculated as FM (kg) 
divided by height (m2).
The SPSS® statistical software (version 15.00) was 
used for data analysis. Mean and standard deviation values 
of age, anthropometric (height, body weight, BMI) and 
body composition characteristics (FM and FFM) were 
calculated. Normality in the distribution of variables 
followed the principle of Shapiro-Wilk test (p > 0.05). 
The values of FFM, obtained directly from the BIA and 
that derived from the formula (Macias et al. 2007) were 
compared and statistical tests to find agreement between 
the estimates and proportional bias were run. Intraclass 
correlation coefficient, t-test (one sample and paired), 
linear regression analysis, and Bland-Altman plots (Bland 
and Altman 1986) were used to estimate the agreement 
and bias. Level of significance was set at α = 0.05 in all 
analyses. 
Results 
The participants were young adult men (age 21.88 ± 0.85 
years). Mean value of height (167.63 cm) ranged between 
159.0 cm and 188.0 cm. Mean value of body weight (62.65 
kg) also had wide ranging minimum (48.10 kg) and maxi-
mum (80.70 kg) values. The participants had moderate 
BMI (22.59 ± 2.69 kg/m2) and 23.33% of them were over-
weight. No participant was obese. Mean values of fat free 
mass (FFM) obtained directly from BIA (41.44 ± 6.08 kg) 
was marginally different from that derived using formula 
(Macias et al. 2007) (41.36 ± 5.91 kg). Estimated values 
of fat mass (FM) (BIA-based = 22.21 ± 4.89 kg, formula-
based = 21.29 ± 4.59 kg) and fat mass index (FMI) (both 
BIA and formula-based = 0.13) were marginally different 
or similar, respectively that were obtained using the two 
methods. Estimated mean values of percentage body fat 
(PBF) using BIA (33.37 ± 5.83%) and that derived from 
the FFM value obtained using formula (33.87 ± 5.18%) 
were also marginally different (Table 1). 
Paired t-tests between BIA-based and formula-based 
estimates, e.g., FFM (t = 1.37, p = 0.18) and PBF (t = 1.43, 
p = 0.16) did not show significant differences of mean 
values. Intraclass correlation coefficient (ICC) between 
the two estimates of FFM was significant (Cronbach’s 
alpha = 0.99, p<0.0001). ICC of the estimated PBF using 
two methods also showed similar value that was calcu-
lated in case of FFM. The difference in the values of two 
estimates of FFM (BIA-based and formula-based) was 
normally distributed (p-value = 0.63). One sample t-test 
for the difference of FFM values (BIA and formula-based) 
was not significant (t = 1.37, mean difference -0.02, p = 
0.18). A simple linear regression model predicting BIA-
based FFM from the formula-based FFM after adjusting 
for age and sex was significant (regression coefficient = 
1.03, standard error = 0.009, t = 110.79, p< 0.0001, R2 and 
adjusted R2 = 0.99), showing interrelationships between 
the variables (Fig. 1). 
In addition, BMI showed significant correlation (p< 
0.001) with both BIA-based and formula-based FM (r 
= 0.52), FFM (r = 0.60), and FMI (r = 0.60). However, 
correlation between BMI and PBF (either BIA-based or 
Figure 1. Scatter plot of linear regression model predicting BIA-based 
fat free mass (FFM) by the formula-based FFM (Macias et al. 2007).
Variables Mean (SD) Minimum Maximum
Age (years) 21.88 (0.85) 21.45 23.87
Height (cm) 167.63 (7.17) 159.00 188.00
Weight (kg) 62.65 (8.33) 48.10 80.70
BMI (kg/m2) 22.59 (2.69) 19.85 28.81
FM_BIA (kg) 22.21 (4.89) 11.71 33.09
FM-FOR (kg) 21.29 (4.59) 12.47 32.53
FMI_BIA (kg/m2) 0.13 (0.03) 0.07 0.19
FMI_FOR (kg/m2) 0.13 (0.03) 0.08 0.19
FFM_BIA (kg) 41.44 (6.08) 31.12 54.82
FFM_FOR (kg) 41.36 (5.91) 31.36 54.71
PBF_BIA (%) 33.37 (5.83) 23.37 45.45
PBF_FOR (%) 33.87 (5.18) 24.90 44.80
Resistance (BIA) (ohms) 524.82 (45.99) 405.00 645.00
Reactance (BIA) (ohms) 59.79 (6.68) 45.60 71.40
Table 1. Descriptive statistics of age, anthropometric and body compo-
sition characteristics of young adult male university students (n = 60)
SD: Standard deviation; BMI: Body mass index; FM_BIA: Fat mass (BIA-based); 
FM_FOR: Fat mass (formula-based) (Macias et al. 2007); FMI_BIA: Fat mass 
index (BIA-based); FMI_FOR (FMI formula-based) (Macias et al. 2007); FFM_BIA: 
Fat free mass (BIA-based); FFM_FOR: Fat free mass (formula-based) (Macias 
et al. 2007); PBF_BIA: Percentage Body fat (BIA-based); PBF_FOR: Body fat 
(%) (formula-based) (Macias et al. 2007)
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formula-based) was not significant (p-value = 0.40).
The result of Bland–Altman test for agreement or 
proportional bias between the estimated FFM using two 
methods (BIA and formula-based) is presented in Fig. 2. 
In the resulting scatter plot, Y axis shows the difference 
of two paired FFM estimates (BIA and formula-based) 
and X axis presents the average of the measures. Mean 
value of the difference of paired estimates of FFM (BIA 
and formula-based) (Y axis) was -0.02 that had minimum 
(-0.90) and maximum (0.95) values, standard error of 
estimate 0.06, and standard deviation 0.44. The average 
of the measures (BIA and formula-based FFM) in the X 
axis had mean (41.40 kg), minimum (31.34 kg), maximum 
(54.77 kg) values, standard error of estimate (0.77), and 
standard deviation (5.99). The Bland-Altman plot shows 
almost all data points lie within 95% confidence interval 
limits and the points were equally distributed above and 
below the line of mean difference (upper limit = 0.90, lower 
limit = -0.89) (Fig. 2) that indicates no proportional bias 
in the estimates of FFM using two methods.    
A linear regression analysis using the difference of 
FFM values as dependent variable and the average of the 
measurements as the independent variable showed no 
significant interrelationship (t = 1.52, p-value 0.14, and 
standard error 0.002) that accepted the null hypothesis. 
Age was adjusted in the model and regression coefficient 
was close to zero (0.003) with 95% confidence interval 
limits (lower -0.001, upper 0.008) that indicated no pro-
portional bias and appeared to have an agreement between 
the measures (estimated FFM using BIA and that derived 
from formula, proposed by Macias et al. 2007). 
Discussion
It is evident from the present study that the prediction 
formula proposed by Macias et al. (2007) to estimate 
FFM using the resistance and reactance values of BIA 
is reproducible and that has been successfully used in 
the present study. No significant difference between the 
BIA-based and formula-based FFM values was observed 
in the present study. A consistent agreement between the 
estimates was clear from correlation coefficients, regres-
sion models, and Bland-Altman plot. These results confirm 
the reliability of the use of resistance and reactance values 
to estimate body composition characteristics when the 
in-built algorithm of the BIA device to estimate the same 
is not known. The participants were young adults and 
values of their body composition characteristics were 
wide ranging: FFM (31 to 55 kg) and PBF (23 to 45%). 
Interestingly, BMI of the participants was not very high 
in the sample (mean value 22.59 kg/m2). In addition, 
BMI showed significant correlation with FM, FFM, and 
FMI (height adjusted FM) but not with PBF. The results 
indicate body fat in kilogram (FM) and height adjusted 
values (FMI) are more important indicators of adiposity 
than a generalized value of PBF in relation to BMI. Con-
sidering high prevalence of BMI-based overweight and 
obesity in Mexican adults as reported earlier (Gutiérrez 
et al. 2013), the present sample of young adults (n= 60) 
showed relatively low frequency of overweight (23%) 
and nobody was obese. This result may be due to a non-
probability sample that neither represent the population 
of this age-group from Merida, nor the State of Yucatan. 
In the previous study from Sonora, a northern Mexican 
State, mean values of BMI were also not very high (men 
26.2 kg/m2, women 25.4 kg/m2) in the sample of 20 to 
50-year-old adults (Macias et al. 2007). 
Mexico is a country with huge ethnic and genetic 
diversity (Moreno-Estrada et al. 2014). We understand 
that human biology of the populations in the north of the 
country is different from that in the Southern Peninsular 
Mexico. Mean values of BIA-based PBF (25.8%) and FFM 
(57.9 kg) among adult male participants in the previous 
report (Macias et al. 2007) were different from that re-
corded in the present study (PBF 33.37%, FFM 41.44 kg). 
The adult men in the present study showed higher PBF 
and lower FFM in comparison with that reported in the 
previous study (Macias et al. 2007). This may be inter-
preted as differences in body composition characteristics 
between the two sub-populations of Mexico. 
A standard multifrequency whole body bioelectrical 
impedance (BI) analyzer Tanita MC 180 MA (Tanita Co. 
Tokyo-Japan) was used in the present study  that was 
reported to be similar in the reliability of another model 
Figure 2. Bland-Altman plot of BIA-based and formula-based (Macias 
et al. 2007) fat free mass.
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(Tanita 305) used in a previous study ( Jebb et al. 2000). 
Body composition characteristics were evaluated using a 
different equipment (Model BIA-103, RJL Systems Detroit, 
MI) in the previous study by Macias et al. (2007). When 
the in-built software programs for body composition 
assessment are not known, it seems that the resistance 
and reactance values obtained from the equipment used 
in the present study worked satisfactorily. The resistance 
and reactance-based prediction formula to estimate FFM 
for adults (Macias et al. 2007) is pioneering of its kind 
in Mexico. In their study, the authors cross-validated 
the results obtained using the equation with reference 
to results from the air displacement plethysmography 
(ADP). Mean values of BIA-based and ADP-based FFM 
were same (57.9 kg) among men in that study. In the 
present study, mean value of BIA-based FFM (41.44 kg) 
was marginally different from the derived one obtained 
using the resistance and reactance values applied in the 
prediction equation (41.36 kg) proposed earlier (Macias et 
al. 2007). However, the difference in the mean values was 
not significant (p > 0.05) as evaluated using paired t-test. 
Dual-energy X-ray absorptiometry (DEXA or DXA) is 
considered as a gold standard for the evaluation of body 
composition characteristics (Laskey 1996; Scafoglieri and 
Clarys 2018). Magnetic resonance imaging and DXA are 
highly precise methods to estimate body composition 
characteristics (Taing et al. 2017). However, the instru-
ments are expensive, invasive, not portable, and time con-
suming for the evaluation process. In large-scale surveys, 
BIA provides satisfactory results and advanced models 
are capable of segmental analysis of body composition: 
whole body and regional (extremities). Studies reported 
higher reliability of the results from whole body BIA than 
segmental BIA when the values were compared with the 
results obtained using DXA (Bracco et al. 1996; Demura 
et al. 2004; Erselcan et al. 2000; Ricciardi and Talbot 
2007). In this background, BIA-based prediction formula 
for FFM on a two-compartment model was reported to 
be accurate, precise, and free of bias (Macias et al. 2007). 
A study from Mexico among 86 postmenopausal 
women aged 42 to 74 years with metabolic syndrome 
(Balas-Nakash et al. 2010), estimated body fat using DXA 
and compared the results with the derived values using the 
formulas proposed in a study based on the data of National 
Health and Nutrition Examination Survey III (NHANES 
III) (Sun et al. 2005) of the U.S.A and by another study 
from Mexico (Macias et al. 2007). The DXA-based PBF 
(44.54%) had different levels of agreement (Bland-Altman 
plot) with the values derived from the formula proposed 
in a NHANES III-based study (41.93%) (Sun et al. 2005) 
and that estimated using the equation proposed by Macias 
et al. 2007 (43.32%). The NHANES III-based formula and 
prediction equation by Macias et al. 2007 underestimated 
PBF. However, the report (Balas-Nakash et al. 2010) raised 
doubt about the use of prediction equation to estimate 
FFM that was proposed by Macias et al. 2007 because 
age of many women participants in that study was higher 
than 50 years. In the reference study (Macias et al. 2007), 
age of women participants was between 22 and 48 years. 
A study from China, developed BIA-based prediction 
equations to estimate FFM for adult men and women 
using two different BI instruments (hand-to-hand and 
hand-to-foot) and DXA was the criterion method (Lu et 
al. 2016). Both types of BIA-based prediction equations 
demonstrated similar reliability and the hand-to-hand 
BIA model was found to be more practical for the as-
sessment of body composition characteristics. The study 
suggested importance of separate prediction equations 
for men and women. Another study among indigenous 
Australian adults aged 36 to 60 years developed prediction 
equation to estimate FFM and the reference method was 
DXA (Hughes et al. 2015).  
A study from Brazil reported that mean values of 
BIA-based PBF (38.0%) and formula-based PBF (38.7%) 
were similar; BIA overestimated PBF in overweight and 
underestimated the same among obese adult women 
(Pimentel et al. 2010). The formula was developed in an 
earlier study (Segal et al. 1988). Low sensitivity of BIA 
to identify individuals with high BMI and body fat was 
reported by several authors (Macias et al. 2007; Pimentel 
et al. 2010). Another study among adults of 18 to 64 years 
of age from Chile (Schifferli Castro and Zuniga 2017) 
compared BIA-based estimate of FFM with that derived 
from a prediction formula for FFM reported earlier 
(Schifferli et al. 2011). The previous study (Schifferli et al. 
2011) developed prediction equation for BIA-based FFM, 
taking DEXA as the criterion or reference method. BIA 
overestimated PBF in men and underestimated in women 
compared to the corresponding values obtained using the 
prediction formula (Schifferli Castro and Zuniga 2017). 
Therefore, it is evident that BIA-based estimates of FFM 
may be different in men and women and vary with the 
levels of BMI and body fatness. This raised concern for 
separate formulas for men and women and selection of 
a precise criterion method like DXA. In addition, this 
issue reflects the limitation of the use of the BIA-based 
estimates where the in-built algorithm of the device (that 
varies with the models also) is not known.  
A cross-sectional study among university students aged 
18 to 24 years from Colombia developed single-frequency 
BIA-based prediction equations for total body water and 
FFM, where BI spectroscopy for three compartment model 
was used as the criterion method (Caicedo-Eraso et al. 
2019). In both methods, resistance and reactance values 
were used. Estimated values of total body water and FFM 
that were obtained using the two methods did not show 
BIA and prediction formula-based fat free mass
95
significant differences. The results of regression models 
showing low standard error of estimates and increase in 
R2 were like that reported in Macias et al. 2007.
A study from the U.S. (Wada and Tekin 2007) used 
BIA-based FFM data from NHANES III and applied the 
prediction equations reported earlier from the same coun-
try for men and women to derive FFM (Sun et al. 2003). 
The study reported huge number of prediction formulas 
for FFM and lean body mass (LBM). The authors (Wada 
and Tekin 2007) also cited articles to show the conversion 
of LBM to FFM using formulas. Therefore, prediction 
formulas for FFM had received better technical precision. 
The prediction formula by Macias et al. 2007 is com-
mon for adult men and women. Another study also re-
ported single prediction equation to estimate FFM for 
adult men and women aged 20 to 94 years of age (Kyle et 
al. 2001). Separate prediction formulas for men and women 
were reported from the U.S. (Sun et al. 2003); validation 
and cross-validation samples of whites and blacks were 
taken into consideration. A report from China also re-
ported separate equations for adult men and women (Lu 
et al. 2016). Higher adiposity in women compared to men 
was reported in previous studies from Nigeria (Mbada et 
al. 2015) and Mexico (Macias et al. 2007). High correlation 
between BIA-based PBF and skinfold-based values was 
observed instead of overestimation of PBF by the former 
method (Mbada et al. 2015). 
Accuracy of the results obtained using BIA depends on 
the specific algorithm of the device ( Jaffrin and Bousbiat 
2014). Therefore, validation and cross-validation of the 
results obtained from an equipment are important before 
use. Comparison of the results with that obtained through 
more precise method like DXA is important. In spite of 
several limitations of the use of BIA as mentioned before 
(Coppini et al. 2005), the advantages include portability, 
safety, non-invasive nature of application, less intra-
observer error in the estimation of body composition 
characteristics, segmental analysis of body fat and fat 
free mass, relatively moderate cost, and reliable results 
etc. However, care should be taken for the hydration 
factor and body geometry of severely obese individuals, 
variation of body water during menstruation and other 
health conditions. Another important issue will be the use 
of the terms FFM and LBM that are not interchangeable. 
The LBM consists of FFM and essential body fat that may 
vary between 2% and 10% (Scafoglieri and Clarys 2018; 
Segal et al. 1988).  
In this background, it is justified to mention the limi-
tations of the present study and new call for improved 
research. In the present study, the term FFM has been used 
to maintain uniformity with the reference study (Macias 
et al. 2007). Previous reports on the use of BIA, authors 
mentioned LBM prediction instead of FFM (Tagliabue 
et al. 2001). Another report also cited articles on how to 
convert prediction formulas for LBM to FFM (Wada and 
Tekin 2007). This issue should be considered in future 
research. Other limitations of the present study were non-
probability sampling, relatively small sample size from a 
short age-range of 21 to 23-year-old adult men. Neither 
of the two samples (Macias et al. 2007 and the present 
study) were probabilistic. The present report shows the 
results of male participants. Therefore, sample size and age 
might be the other important factors that call for future 
research to explore the results in wider age-group and in 
the representative samples of the populations from differ-
ent regions of Mexico where individuals with BMI-based 
nutritional status of normal, overweight, and obesity will 
be present. It is also important to estimate the differential 
agreement and bias of the obtained values of FFM using 
two methods at the levels of BMI. Perhaps in future re-
search, separate formulas for men and women will give 
more precise results as reported in other studies that were 
also compared with the results obtained through DXA 
(Sun et al. 2003). Separate prediction equations for men 
and women may show differential degree of agreement 
between the BIA-based FFM and the corresponding value 
derived from the resistance and reactance-based equations. 
Despite such limitations, the present study showed 
significant concordance of the estimated values of FFM 
using BIA with that estimated one using the prediction 
formula (resistance and reactance value-based). The 
results further established the reproducibility of the 
prediction formula for Mexican adults proposed earlier 
(Macias et al. 2007). 
From the above discussion, it seems that the estimation 
of FFM using the BIA has certain limitations because the 
in-built algorithm of the device is not known and that 
also may vary in different models. Moreover, the formulas 
used in the program of the device may differ by age, sex, 
activity patterns, and population backgrounds. On the 
other hand, the prediction formulas to estimate FFM using 
the resistance and reactance values obtained from BIA 
has several advantages over the problems of unknown 
algorithm of the device. Studies reported agreement of the 
results obtained using such formulas with those obtained 
using a gold standard method like DXA. However, some 
reports are also available on the disagreement of results 
(over and underestimation of FFM) at the levels of high 
BMI (overweight and obesity) and body fat. Differential 
agreements were also found in men and women. 
In conclusion, the present study has shown significant 
agreement of the estimated FFM using the bioelectrical 
impedance analyzer (Tanita MC 180 MA, Tanita Cor-
poration, Tokyo, Japan) with the estimated FFM using 
the resistance and reactance values obtained from the 
BIA that has been used in a prediction formula proposed 
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earlier for Mexican adults (Macias et al. 2007). 
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Tuberculosis (TB) is a well-known infectious disease, 
which can be caused by members of Mycobacterium tu-
berculosis complex (MTBC), in humans, and also several 
animal species (Brites et al. 2018; WHO 2020). The 12 
species/varieties, included in the complex, are geneti-
cally closely related, presenting 99.9% similarity in the 
nucleotide level (Brosch et al. 2002; Brites and Gagneux 
2017; Brites et al. 2018; Riojas et al. 2018). Up to now, 
the following species are considered as members of the 
complex: M. tuberculosis, M. africanum, “M. canettii”, M. 
bovis, M. microti, M. pinnipedii, M. orygis, M. mungi, M. 
suricattae, M. caprae, “chimpanzee bacillus”, and “dassie 
bacillus” (Brites et al. 2018; Riojas et al. 2018), but only the 
first three are specifically human pathogens (Castets et al. 
1968; Brosch et al. 2002; Niemann et al. 2004; Bañuls et al. 
2015). In human infections, the most common scenario is 
when transmission occurs via inhalation of bacilli-filled 
droplets, which are projected in the air while coughing, 
sneezing or even talking (Flynn and Chan 2001; Bañuls 
et al. 2015; Getahun et al. 2015).
Several risk factors contribute to the spread of TB: 
some of them affect the transmission itself (e.g. poor 
living and working condition, household overcrowding, 
etc.), and some increase the host’s susceptibility (e.g., HIV 
infection, malnutrition, smoking, diabetes) (Lönnroth 
et al. 2009; WHO 2020). To reduce TB burden, the pre-
vention of new infections is crucial, and a key factor is 
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The perpetual burden of tuberculosis (TB) keeps drawing the focus 
of research on this disease. Among other risk factors (e.g., poor living conditions, mal-
nutrition, smoking, HIV infection, etc.), being in close contact with a TB infected person 
requires special attention. For a better understanding of the disease, paleopathological 
investigations concerning TB have been carried out with various techniques for a long 
a time; nevertheless, analysis of incidence among family members is hardly possible in 
past populations. An exceptional group of naturally mummifi ed individuals, the collection 
of the Vác mummies (Hungary, 18th century CE), is known about the large TB incidence 
rate, which has been revealed by aDNA analysis. Besides the high rate of TB infection, 
another interesting aspect of the collection is that in some cases, the family connections 
could be reconstructed. In this paper, we present the mycocerosic acid profi les gained 
by HPLC-HESI-MS measurements of two Vác mummies, who were mother and daughter 
according to the personal records. Earlier metagenomic analysis already revealed mixed 
M. tuberculosis infection with the same bacterial strains in both individuals; moreover, 
the same bacterial strains were recorded in both cases.
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providing TB preventive treatment for high-risk groups 
(WHO 2020). Being in close contact with a person who 
has active TB – especially in newly diagnosed TB patients 
– means a high risk for transmission; thus, close family 
members, principally those from the same household, 
need particular attention (Vidal et al. 1997; Wang and Lin 
2000; Horsburgh and Rubin 2011; Augustynowicz-Kopeć 
et al. 2012; Acuña-Villaorduña et al. 2018; WHO 2020).
According to WHO estimates, approximately 1.2 mil-
lion HIV-negative and an additional 208000 HIV-positive 
people died of TB and about 10 million people fell ill with 
the disease globally in 2019 (WHO 2020). The relatively 
high incidence, the appearing rifampicin- and multidrug-
resistant TB (MDR-TB) strains and the co-infection cases 
(especially with HIV) highlight the necessity of extensive 
TB research. This disease is mainly remembered due to its 
devastating effects during the 18th - 19th century, when it 
was highly spread in Europe, implying an extraordinary 
burden (Bello et al. 1999; Vuorinen 1999, Glaziou et al. 
2018; Loddenkemper et al. 2018; Roberts 2020), but has 
been a recognised threat for thousands of years (Gutierrez 
et al. 2005; Daniel 2006; Baker et al. 2015; Barberies et 
Figure 1. Examples of osteoarticular TB associated lesions. A: Pott’s gibbus (Robert J. Terry Anatomical Skeletal Collection, Terry No. 1124R). 
B: Coxitis tuberculosa (Bélmegyer–Csömöki domb, Grave No. 90).
Figure 2. Examples of TBM associated lesions. A: Granular impressions on the greater wing of the sphenoid bone (Robert J. Terry Anatomical 
Skeletal Collection, Terry No. 566). B: Abnormal blood vessel impressions on the endocranial surface of the frontal bone (Robert J. Terry Ana-
tomical Skeletal Collection, Terry No. 254).
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al. 2017). To achieve a better understanding of the evolu-
tion of the infectious agent, paleopathological research 
investigating the epidemiology of TB in past populations 
is highly important.
The paleopathological signs of TB include Pott’s gibbus 
(Fig. 1A) and coxitis tuberculosa (Fig. 1B), traces of cold 
abscess, and endocranial lesions caused by tuberculous 
meningitis (TBM) e.g. granular impressions (Fig. 2A), and 
abnormal blood vessel impressions (Fig. 2B) (Schultz 1993, 
1999, 2001, 2003; Aufderheide and Rodríguez-Martín 
1998; Marcsik et al., 1999; Pálfi and Marcsik 1999; Her-
shkovitz et al. 2002; Maczel 2003; Ortner 2003; Pálfi and 
Molnár 2009; Pálfi et al. 2012, 2015; Spekker et al. 2012; 
Kajdocsi Lovász 2015; Masson et al. 2015; Molnár et al. 
2015; Paja et al. 2015; Schultz and Schmidt-Schultz 2015; 
Spekker 2018; Spekker et al. 2020a, 2020b). Moreover, 
new bone formation on the long bones and on the visceral 
surface of ribs are used as TB-related markers (Roberts 
et al. 1994; Marcsik et al. 2009; Santos and Roberts 2001, 
2006; Hershkovitz et al. 2002; Maczel 2003; Matos and 
Santos 2006; Pálfi and Molnár 2009; Pálfi et al. 2012, 
2015; Kajdocsi Lovász 2015; Masson et al. 2015; Molnár 
et al. 2015). Since skeletal TB and CNS TB develop in 
only a few cases (Golden and Vikram 2005; Rock et al. 
2008; Spekker et al. 2018; Rodriguez-Takeuchi et al. 
2019; Spekker et al. 2020a; Spekker et al. 2020b), the 
simultaneous application of molecular biological and 
analytical techniques are useful tools to draw a clearer 
picture about the paleoepidemiology of TB (Molnár et al. 
2015; Pálfi et al. 2015; Donoghue et al. 2017). Since the 
1990s, two approaches are commonly applied to supple-
ment the morphological TB-related paleopathological 
investigations, namely aDNA based and lipid biomarker-
based methods (Spigelman and Lemma 1993; Donoghue 
et al. 1998; Gernaey et al. 1998; Hershkovitz et al. 2008; 
Redman et al. 2009; Chan et al. 2013; Kay et al. 2015; 
Donoghue et al. 2017).
The lipid biomarker-based methods benefit from 
the lipid-rich cell wall, characteristic of mycobacteria 
(Minnikin and Goodfellow 1980; Minnikin 1982; Daffé 
and Lanéelle 1988; Minnikin et al. 1993; Hershkovitz et 
al. 2008; Redman et al. 2009; Lee et al. 2012; Minnikin 
et al. 2015a; Donoghue et al. 2017). Most commonly, 
the mycolic acid (MA) and mycocerosic acid (MC) com-
ponents, and the C27 mycolipenic acid are used. MAs, 
MCs, and mycolipenic acids can be found in the so-called 
Mycobacterial Outer Membrane (MOM) (Minnikin et al. 
2015b). MAs are long chain α-alkyl-β-hydroxy fatty acids, 
which are covalently bound to the mycoloylarabinoga-
lactan-peptidoglycan macromolecules (Watanabe et al. 
2001; Minnikin et al. 2015b; Abrahams and Besra 2016; 
Batt et al. 2020; Dulberger et al. 2020). MCs are long-chain 
multimethyl-branched-chain fatty acids esterified mainly 
with phthiocerol and phenolphthiocerol long-chain diols 
(Minnikin 1982; Daffé and Lanéelle 1988; Redman et al. 
2009; Minnikin et al. 2015b; Batt et al. 2020). In contrast 
with MAs, MCs can be found only in a smaller group 
of mycobacteria, namely in M. tuberculosis, M. bovis, M. 
gastri, M. haemophilum, M. kansasii, M. leprae, M. marinum, 
and M. ulcerans (Draper et al. 1983; Minnikin et al. 1985; 
Daffé and Lanéelle 1988; Hartmann and Minnikin, 1992; 
Minnikin et al. 1993; Redman et al. 2009). MCs have been 
detected for paleopathological investigations traditionally 
via NICI-GCMS (Redman et al. 2009) and a HPLC-MS 
method has been newly introduced (Váradi et al. 2021). 
In 1994, a group of naturally mummified individuals 
were found in a long-forgotten crypt during the renova-
tion of the Dominical Church of Vác (1994–1995) (Fig. 3) 
(Pap et al. 1999). The discovered Vác mummy collection 
is well-documented, with many available individual 
data (Szikossy et al. 1997). The mummies are curated in 
the Department of Anthropology, Hungarian Natural 
History Museum, Budapest, Hungary. The collection is 
known for the high presence of TB infected cases, that 
drew the focus of several studies on this group (Szikossy 
et al. 1997; Pap et al. 1999; Fletcher et al. 2003; Donoghue 
et al. 2011; Chan et al. 2013; Kay et al. 2015; Pap et al. 
2017). Most of these individuals lived in the 18th century 
CE, which is from the pre-antibiotic era; therefore, they 
represent a well-characterised link between recent and 
archaeological samples. Besides the broad pathological 
investigations, demographical analysis and exploration of 
family connections were carried out, as well as attempts 
to reconstruct individual life stories (Kustár et al. 2011a, 
2011b; Szikossy et al. 2015; Szikossy 2020). 
The aim of this study is to present and compare the 
results of mycocerosic acid profiling of two TB infected 
Vác mummies, a mother (Fig. 4A) and her daughter (Fig. 
Figure 3. Dominican Church of Vác. Photo taken by András Thumbasz.
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4B). Earlier both individuals were proved to have mixed 
infection with the same M. tuberculosis strains via aDNA 
analysis (Kay et al. 2015), and samples taken from the 
daughter presented positive MC profiles in previous 
HPLC-MS measurements (Váradi et al. 2021).
Materials and Methods
MTBC strains and mummy samples used in this study
For reference, in an earlier study, we used five MTBC 
strains (laboratory IDs of the isolated strains MTBC-
1/2015; MTBC-254/2000; MTBC-3910/2014; MTBC-
242/2000; and MTBC-1/8508/2014), isolated from 
patients, who had been diagnosed with pulmonary tu-
berculosis. The average distribution of the reference 
strains has been evaluated and published in our earlier 
report (Váradi et al. 2021). The isolation of the reference 
strains was carried out in the Institute of Clinical Mi-
crobiology, University of Szeged, Szeged, Hungary and 
the National Korányi Institute of TB and Pulmonology, 
Budapest, Hungary, according to the national recommen-
dations (EMMI, State Secretariat for Healthcare, 2018). 
The identification and growing conditions followed a 
previously described protocol (Váradi et al. 2021). The 
harvested bacterial samples were stored in freeze-dried 
form at -20 °C. 
The examined human sample was taken from the 
chest region of the late Anna Schőner (body number: #28, 
inventory number: 2009.19.28., age at death: 55 years). 
The rib sample was removed by sanitized tweezers and 
stored in a tightly closed bag at room temperature. The 
bone was powdered in the clean laboratory of the Institute 
for Mummy Studies, EURAC Research, Bolzano, Italy.
Sample preparation and instrumental analysis 
In the case of the sample pre-treatment and measurement 
of the MTBC strains, 20 mg of bacterial material was 
utilized and the previously described method was applied 
(Váradi et al. 2021). For the lipid analysis of the mummy 
sample, 434 mg of bone powder was used. The sample 
pre-treatment was carried out briefly as follows: the sam-
ples were heated at 100 °C overnight with the addition of 
20% KOH in MeOH (2 mL; m/V) and toluene (1 mL) in 
PTFE capped glass tubes. Samples were acidified to pH 
1 with the addition of 10% HCl and 37% HCl solutions. 
Thereafter, the samples were extracted with the addition 
of toluene (1 mL) three times, and one more time with the 
addition of hexane isomer mixture (1 mL). The removed 
and combined organic layers were evaporated to dryness in 
vacuum with a Savant SC250EXP SpeedVac concentrator 
(Thermo Scientific, Waltham, Massachusetts, USA). The 
mummy sample was dissolved in 1000 µl and the bacte-
rial samples were dissolved in 200 µL of the following 
mixture: isopropanol (IPA):heptane:acetonitrile (MeCN) 
(4:1:5). The sample solutions were filtered by PTFE syringe 
filters (pore size: 2.0 µm; diameter: 13 mm).
The measurements were carried out on a Dionex 
Ultimate 3000 UHPLC system (Thermo Scientific, 
Waltham, Massachusetts, USA), which was coupled 
with a Q-Exactive Plus (Thermo Scientific, Waltham, 
Massachusetts, USA) mass spectrometer (MS). For the 
separation, a Gemini – NX C18 (3 μm, 110A, 50 mm x 2 
mm) column (Phenomenex, Torrance, California, USA) 
was used at 30 °C.
The separation was carried out with gradient elution 
Figure 4. Sources of the mummy samples. A: Anna Schőner (Body No: 28, Inv. No: 2009.19.28.). B: The late Terézia Hausmann (Body No: 68, Inv. 
No: 2009.19.68.). Photos were taken on the exhibition of the Hungarian Natural History Museum.
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(see details in Table 1), and 200 µL/min flow rate was 
applied. The injection needle was thoroughly washed 
before and after injection, with 150 μL IPA:heptane (8:2). 
Solvent blank injections were made between each sample 
investigation.
Regarding the MS parameters, the following settings 
were applied: the sheath gas flow and the auxiliary gas 
rates were set to 35 L/min and 10 L/min, respectively, 
the capillary and the auxiliary gas was heated to 350 °C, 
the spray voltage was set to 4 kV, while the S-lens voltage 
was 70 V. The targeted MCs (Fig. 5) were monitored in 
negative Selected Ion Monitoring (SIM) mode: 409.40510 
(C27, C27H53O2), 437.43640 (C29, C29H57O2), 451.45205 
(C30, C30H59O2), 479.48335 (C32, C32H63O2), and 493.49900 
(C33, C33H65O2), with 0.4 m/z isolation window. The area 
values of the MC peaks were calculated with TraceFinder 
4.0 General Quan Software (Thermo Scientific, Waltham, 
Massachusetts, USA). The maximum mass deviation 
from the calculated [M-H]- ion mass was 5 ppm for peak 
identification. The detected MC peaks were normalised 
to the peak with the highest area value. 
Results and Discussion
Three members of the Hausmann family were identified 
in the Vác Mummy Collection of the Hungarian Natural 
History Museum. The mother, Anna Schőner (1738-1793) 
and her two daughters, Terézia (1769-1797) and Barbara 
Hausmann (1780-1795). Their father, János Hausmann is 
not in the collection. According to the aDNA examinations 
(Fletcher et al. 2003; Chan et al. 2013; Kay et al. 2015), 
all three female members of the Hausmann family were 
infected by tuberculosis. First, Anna Schőner died at the 
age of 55 in 1793, December 16. Two years later, she was 
followed by her younger daughter, Barbara Hausmann, 
who died at the age of 15, on March 2, 1975. In another 
two years, the elder daughter, Terézia Hausmann passed 
away at the age of 28, on December 25, 1797 (Exploration 
documentation of the Dominican Church of Vác, 1994-
1995, Tragor Ignác Múzeum.). Both girls were emaciated, 
suggesting a long-lasting illness. It is possible that the thir-
teen-year-older Terézia took care of her sister before the 
illness made her too weak (Cseplák et al. 2015, Donoghue 
et al. 2021). In this study, we present the mycocerosate 
profiles observed by the analysis of samples taken from 
Anna Schőner (#28) and Terézia Hausmann (#68). 
The lipid profile observed for the extract of the rib 
sample taken from the #28 individual is shown in Fig. 6A 
and Fig. 7. The M. tuberculosis C27 MC minor component 
was not detected in the extract. In the MC profile, the 
main peak was the C32 (100), and it was accompanied 
by a relatively high peak of C30 (49). The C29 MC was 
presented in a relatively high ratio (25), as well. The C33 
MC was also detectable but was a minor component in 
the extract (3). The first eluting component was the C29 
MC with the retention time of 8.20 min, followed by the 
C30 and C32 MCs at 8.75 and 10.64 min, respectively. 
The retention time of the C33 MC peak was 10.97. The 
general distribution of the detected MCs was in accord 
with others from the same group of mummies, and with 
the average profile gained by the analysis of clinical 
samples (e.g., Fig. 5B, Fig. 6B), and with the MTB profiles 
published using different approaches (Minnikin et al. 
1993; Redman et al. 2009; Váradi et al. 2021). Based on 
our previous results, the observed lipid profile fulfills the 
requirement to be identified as a positive case, as the three 
most presented MCs were the C32, C30, and C29, with a 
principal amount of the C32 component (Fig. 6C, Fig. 7). 
The samples belonging to the daughter (#68) of this indi-
vidual were found earlier to be positive with HPLC-MS 
analysis (Váradi et al. 2021). In that case, both soft tissue 
and rib samples were included in the investigation. The 
MC profile of the soft tissue presented provided clean 
peaks for C32, C29, C30 and C33 MCs. The main peak 
was the C32 (100), which was accompanied by major C29 
(38) and C30 (97) peaks and with C33 MC (5) as minor 
Figure 5. Structures of mycocerosic acids. The mass spectral m/z values 
correspond to carboxylate anions (M – H+).
Time (min) Eluent A (%): MeCN + 0.1% acetic acid
Eluent B (%): IPA:heptane 












Table 1. Gradient elution program applied for the HPLC separation 
of mycocerosic acids.
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component (Fig. 6D, Fig. 7). The extract of the rib sample 
of #68 individual had clear main C32 (100) and major C30 
components (53), but the minor C33 was indistinct (~18) 
and the area for the expected C29 was obscured.
Samples taken from the same individuals were earlier 
analysed with two different aDNA techniques. Firstly, as 
part of an extensive study, the examination of over 350 
samples covering 168 individuals were screened for the 
123-bp region of the IS6110 insertion sequence (Fletch-
er et al. 2003). The positive samples were investigated 
for silent point mutations of the gyrA 95 and katG 463 
genes; for the differentiation of the infectious agents into 
three genotypes, following the work of Sreevatsan et al. 
(1997). Our positive MC profile matched the result of 
the DNA-based analysis; traits of gyrA 95 and katG 463 
genes were found in the abdomen, with the silent point 
mutations characteristic to the group 2 genotype of M. 
tuberculosis (Fletcher et al. 2003). In the case of the same 
study, during the analysis of the samples taken from the 
#68 individual’s left chest, the silent point mutations of 
the gyrA 95 and katG 463 genes were characteristic of the 
group 3 genotype of M. tuberculosis. Metagenomic anal-
ysis carried out on the samples taken from the abdomen 
region of the #28 individual and on the samples taken 
from the left chest region of the #68 individual presented 
similar results (Kay et al. 2015). In both cases, a mixed 
MTB infection was revealed, but although the detected 
genotypes were the same, they were detected in different 
proportions. One of the M. tuberculosis strains belonged 
to sublineage 4.1.2.1, also known as the Haarlem lineage 
(Kay et al. 2015; Stucki et al. 2016), and the other was 
assigned by Kay et al. (2015) to sublineage 4.7, which is 
currently part of sublineage 4.10 according to Stucki et al. 
(2016). The metagenomic results suggest a transmission 
between mother and child or infection from the same 
source (Kay et al. 2015).
Although in this case the applied MC profiling meth-
od cannot provide the same resolution regarding the M. 
Figure 6. Mycocerosic acid profile of M. tuberculosis and positive mycocerosate (MC) profiles from mummy samples #28 and #68. A: Rib (R) 
sample from Anna Schőner (#28). B: Mycocerosate profile of M. tuberculosis 254-2000. C and D: Rib (R) and Soft Tissue (ST) samples from Terézia 
Hausmann (#68). MC distributions are shown normalised to the main component (100).
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tuberculosis strains, it demonstrates the widespread oc-
currence of TB infection among the Vác mummies. The 
combined application of morphology, aDNA and lipid 
biomarker analysis is important to gain a clearer picture 
in paleopathological practice as the results can support 
each other, and help to reveal positive cases, which would 
possibly remain hidden if only one method was applied 
(Hershkovitz et al. 2008; Lee et al. 2012; Baker et al. 2015; 
Masson et al. 2015; Molnár et al. 2015; Donoghue et al. 
2017; Luna et al. 2020). The examination of mummified 
human remains with a variety of different approaches 
is especially useful and provides a unique insight to TB 
research (Salo et al. 1994; Zink et al. 2003; Donoghue 
et al. 2004; Donoghue et al. 2009; Minnikin et al. 2011; 
Chan et al. 2013; Lalremruata et al. 2013; Kay et al. 2015; 
Piombino-Mascali et al. 2015; Szikossy et al. 2015).
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Endophytic fungi can be defined as an ecological group 
of fungi colonizing the inner tissues of plants without 
any recognizable features of their presence (Wani et al. 
2016). The plant’s endophytic fungi spend their lifecycle 
colonizing inter- and/or intra-cellularly the healthy 
tissues of the host plants, without causing any apparent 
indication of disease. 
For agriculture, pharmaceutical and food industry, 
plant-associated endophytic fungi have been observed as 
important and novel sources of natural bioactive products 
(Zhao et al. 2010; Yo and Ting 2017). Until now tens of 
thousands of natural products have been identified in the 
world, but still a vast number of unknown compounds are 
waiting for discovery and to be utilized for the benefits 
of mankind (Sarker 2012). The comprehensive review by 
Newman and Cragg (2016), provides detailed informa-
tion about the natural compounds discovered between 
1981-2014. Of the 1562 new chemical entities discovered 
in this period, 73% belongs to natural products and their 
derivatives and only 27% of the drugs were of synthetic 
origin. Furthermore, the increasing prevalence of new dis-
eases results in the continuous need of exploiting natural 
products for drugs (Cragg and Newman 2013). Especially, 
the emergence of multidrug-resistant microbes increases 
the urge to find novel therapeutic leads (Talebi et al. 2019). 
Demain and Sanchez (2009) estimate that currently more 
than 1 million natural compounds have been isolated, from 
which 50-60% have plant and 5% have microbial origins. 
In recent decades, endophytes have been recognized as a 
source of several bioactive compounds and are studied as 
potential sources of novel natural products for the health 
sector and for drug discovery ( Jalgaonwala et al. 2011; 
Lam 2007; Strobel and Daisy 2003; Shukla et al. 2014; 
Vigneshwari et al. 2019). However, it could provide an 
important alternative to overcome the increasing levels 
of drugs resistance to various pathogenic microorgan-
isms, only a few plant species have been investigated for 
their endophytic diversity and their bioactive secondary 
metabolites until now (Shukla et al. 2014). 
The medicinal plants are potential sources of fungal 
endophytes producing novel bioactive compounds (Kaul 
et al. 2012), plant hormones (Khan et al. 2017; Turbat et 
al. 2020), and plant associated therapeutic metabolites 
(Huang et al. 2007; Vigneshwari et al. 2019). The plant 
genus Artemisia consists of around 400 species and these 
are one of the most important sources of medicinal com-
pounds ( Koul et al. 2018). Among the Artemisia species, A. 
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annua is the best known due to its artemisinin content, 
which is an important antimalarial drug (Weathers et al. 
2011). Liu et al. (2001) identified 14 fungal endophytes, 
which produced antagonistic compounds against four 
phytopathogens, in A. annua. Another study showed the 
bioactive potential of endophytic fungi isolated from A. 
annua, including Aspergillus sp. and Cephalosporium sp., 
which showed the highest antibacterial activity (Zhang 
et al. 2014). 
A. asiatica Nakai is also the member of the Artemisia 
(mugwort) genus. This is a perennial plant and abundantly 
found in the northern temperate regions of Asia, Europe 
and North America. This species is widely known for its 
medicinal properties and their essential oil is commonly 
used in medicine and food products (Oh et al. 2005; Ryu 
et al. 1998; Ahuja et al. 2018). Characteristic secondary 
metabolites of A. asiatica include flavonoids, coumarins, 
terpenes, sesquiterpene lactones, monoterpenes, guaian-
olidem secoguianolide, lignans, phenylpropanoids and 
steroids (Hajdú et al. 2014). Despite the broad-spectrum 
bioactivity of A. asiatica, its endophytic fungal community 
and their bioactive compounds has not been investigated. 
Therefore, in our study, isolation and identification of 
endophytic fungi from A. asiatica were carried out and 
their biodiversity parameters were evaluated. Further-
more, antimicrobial activities of metabolites extracted 
using different organic solvents from both the ferment 
broth and the mycelia of the isolated endophytic fungi 
were also determined.
Materials and Methods
Collection of A. asiatica samples and isolation of the 
endophytes
The A. asiatica Nakai plants were provided by the Depart-
ment of Pharmacognosy, University of Szeged (Szeged, 
Hungary). The samples were collected in 2016 and the 
plant specimens have been identified and authenticated 
by experts. Collected specimen was placed in a sealed 
plastic bag and was labelled with the number and date of 
collection and stored at 4 °C until processing.
Isolation of endophytic fungi from plant parts was 
done based on the method described by Gariyali (2013) 
with minor modifications. The plant materials were 
rinsed in running tap water to remove contaminations 
and the specimens were cut via a sterile blade into small 
segments of about 0.5 to 1 cm in length. The leaf and stem 
parts were separated, and these parts were examined 
for their fungal endophyte content. The plant segments 
were firstly surface sterilized by sequentially immersing 
the plant material in 70% (60 sec) ethanol, washing with 
sterile distilled water and then, steeping in 0.01% (30 sec) 
mercuric chloride (VWR International, Hungary). Finally, 
the specimens were washed again 2-3 times with sterile 
distilled water and then dried on a sterile blotting paper. 
After the surface sterilisation, each segment was placed 
onto the surface of PDA medium (VWR International, 
Hungary) supplemented with 50 µg/mL ampicillin (Merck, 
Hungary) in a Petri dish. Then, the plates were incubated 
at 25 °C and the growth of fungal colonies were checked 
daily for 5-10 days. Pure isolates were collected by picking 
up individual colonies from the plates and transferring 
them onto a fresh PDA medium, which were incubated at 
25 °C for 10 days. Each fungal culture was checked again 
for purity and transferred separately to PDA slants. These 
colonies were maintained at 4 °C and were deposited into 
the Szeged Microbiological Collection (SZMC, Hungary; 
http://www.wfcc.info/ccinfo/collection/by_id/987).
Molecular identification of isolates
For DNA isolation, fungal isolates were grown in PDB 
(VWR International, Hungary) at 25 °C for 5 days. Isola-
tion of the genomic DNA from the mycelia was performed 
using the E.Z.N.A. Fungal DNA Mini Kit (Omega Bio-tek, 
Norcross, USA) based on the manufacturer’s instruc-
tions. The internal transcribed spacer (ITS) region of the 
rDNA was amplified using the primers ITS1 and ITS4 as 
described previously (White et al. 1990). Sequencing was 
performed commercially by BaseClear B.V. (Leiden, The 
Netherlands). Sequences were first analyzed by BLAST 
similarity search at the website of the National Center 
for Biotechnology Information (http://www.ncbi.nlm.
nih.gov/BLAST) and the species were identified based 
on their identity values (>97%).
Screening of bioactive metabolite producing endophytic 
fungi
Secondary metabolite extraction
Endophytic isolates were cultivated in 50 mL PDB medium 
at 25 °C, 120 rpm for 7 days. At the end of the incubation 
period mycelia was filtered through a cotton wool. The 
ferment broths were extracted three times sequentially 
with 50-50 mL of hexane, ethyl acetate and chloroform, 
respectively, and the extracts containing same solvents 
were pooled. The mycelial samples were overnight dried 
in an oven until constant weight and 25 mL distilled water 
was added to each. Then, the mixtures were sonicated for 
20 min after the addition of an aliquot of liquid nitrogen 
to maintain the chilled condition. After that, the extrac-
tion of the aqueous samples was done three times with 
the mixture of 25 mL of chloroform and methanol (4:1, 
V/V). Both the ferment broth and the mycelial extracts 
were evaporated by a rotary evaporator (IKA HB10 basic, 
VWR International, Hungary) in vacuum at 30 °C. The 
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resulted four dry samples per each isolate were stored at 
-20 °C and resuspended in 1 mL of HPLC grade methanol 
(VWR International, Hungary) prior to use.
Microdilution based antimicrobial assay
To test the antibacterial effects of the metabolites, 400 μL 
of the methanolic solution of all extracts were transferred 
into Eppendorf tubes and after the evaporation were 
dissolved in 1 mL 10% methanol. These solutions were 
tested against two Gram-negative bacteria, E. coli (SZMC 
6271) and P. aeruoginosa (SZMC 23290), two Gram-positive 
bacteria, S. aureus (SZMC 14611) and B. subtilis (SZMC 
0209) and two yeasts, C. albicans (SZMC 1533) and C. krusei 
(SZMC 1352) according to the M07-A10 CLSI guideline 
(Weinstein 2018), all of which were obtained from the 
SZMC, Szeged, Hungary. For the test, the suspensions 
of the microbes were prepared from overnight cultures, 
which were cultivated in Luria-Bertani broth (10 g tryp-
tone, 5 g yeast extract and 5 g NaCl in 1 L distilled water) 
and yeast extract peptone dextrose broth (20 g peptone, 
10 g yeast extract and 20 g glucose in1 L distilled water) 
for the bacteria and yeasts, respectively, at 37 °C. The 
concentrations of the suspensions were set to 4 × 105 cells/
mL with sterile media and 100 μL of this suspension were 
transfered into the wells of 96-well plates. Then, 100 μL of 
the extract was added into each well, and the plates were 
then incubated for 24 h at 37 °C. The mixture of 100 μL 
of ferment broth and 100 μL of 10% methanol was used 
as the blank sample for background correction, while 100 
μL of the microbial suspension supplemented with 100 
μL of 10% methanol was applied as the negative control. 
The positive control contained ampicillin (100 μg/mL, 
Merck, Hungary) for bacteria and nystatin (10 μg/mL, 
Merck, Hungary) for yeasts. The inhibitory effects of the 
extracts were spectrophotometrically (SPECTROstar 
Nano, BMG LABTECH, Ordenberg, Germany) determi-
ned at 620 nm after incubation, and the inhibition rate 
was calculated as the percentage of the positive control 
after blank correction.
Agar diffusion test
To determine the potential antifungal activity of the fungal 
extracts against plant pathogenic fungi four holes with 
a diameter of 8 mm were bored into PDA plates, at the 
2.5-cm distances around the centre of the plate. Then pre-
cultured (25 °C, 7 days) Fusarium culmorum (SZMC 11039) 
and Rhizoctonia solani (SZMC 21048) strains were placed 
in the centre of plates with agar plugs and 100 µL of the 
10% methanolic extracts prepared for the microdilution 
assay were applied into the wells. As a solvent control, 
10% methanol was used and a mycelial plug inoculated 
without any extracts was applied as a growing control. 
Antifungal activities of the samples were determined by 
the detection of the inhibition zone.
Biodiversity mapping of endophytic fungi of A. asiatica
Calculating isolation rate and diversity parameters
The isolation rate of the endophytic fungi was calculated 
as the total number of tissue segments infected by fungi 
divided by the total number of tissue segments incubated 
(Kumar and Hyde 2004).
The diversity of endophytic fungi were evaluated using 
the Shannon-Weiner Index (H′), Simpson’s diversity index 
(1-D), evenness Index ( J) and Margalef richness index 
(Hoffman et al. 2008; Suryanarayanand and Kumaresan 
2000; Kusari et al. 2012). All the diversity indexes were 
calculated both plant wise and also tissue wise.
Statistical analysis
Statistical analyses for biodiversity calculations were 
carried out by R 3.5.2 (Team 2019). One-way analysis of 
variance (ANOVA) was carried out to test the effect of 
tissue type (stem and leaf) on the colonization rate and 
species richness of endophytic fungi. Post hoc Tukey’s 
Honest Significant Difference tests were performed to 
observe the significant differences among the tissue types 
at P < 0.05 level.
Results
Investigation of endophytic fungi isolated from A. asi-
atica
In our study, 82 fungal endophytes were isolated from the 
A. asiatica plants collected from the southern Hungarian 
areas and the strains were identified using molecular 
taxonomical tools (Table 1). The endophytic fungi dis-
tributed into 3 classes and 5 orders, where the members 
Figure 1. Distribution of endophytic fungi isolated from A. asiatica into 
classes and orders.
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Plant part Species Collection code Genbank ID
Leaf Alternaria sp. SZMC 27067 MT879608
Leaf Alternaria sp. SZMC 27068 MT879609
Leaf Alternaria sp. SZMC 27069 MT879610
Leaf Alternaria sp. SZMC 27070 MT879611
Leaf Alternaria sp. SZMC 27071 MT879612
Leaf Alternaria sp. SZMC 27072 MT879613
Leaf Alternaria sp. SZMC 27073 MT879614
Leaf Alternaria sp. SZMC 27074 MT879615
Leaf Alternaria sp. SZMC 27075 MT879616
Stem Aspergillus sp. SZMC 27076 MT994591
Stem Aspergillus sp. SZMC 27077 MT994592
Leaf Aspergillus sp. SZMC 27078 MT994593
Stem Aspergillus sp. SZMC 27079 MT994594
Stem Aspergillus sp. SZMC 27080 MT994595
Stem Aspergillus sp. SZMC 27081 MT994596
Stem Aspergillus sp. SZMC 27082 MT994597
Stem Aspergillus sp. SZMC 27083 MT994598
Stem Clonostachys sp. SZMC 27084 MT883288
Stem Cladosporium sp. SZMC 27085 MT883289
Stem Cladosporium sp. SZMC 27086 MT883290
Stem Cladosporium sp. SZMC 27087 MT883291
Stem Cladosporium sp. SZMC 27088 MT883292
Stem Cladosporium sp. SZMC 27089 MT883293
Leaf Penicillium sp. SZMC 27090 MT994617
Stem Clonostachys sp. SZMC 27091 MT940229
Leaf Clonostachys sp. SZMC 27092 MT940230
Leaf Curvularia sp. SZMC 27093 MT994617
Leaf Curvularia sp. SZMC 27094 MT994617
Leaf Diaporthe sp. SZMC 27095 MT940231
Leaf Diaporthe sp. SZMC 27096 MT940232
Leaf Diaporthe sp. SZMC 27097 MT940233
Leaf Didymella sp. SZMC 27098 MT940234
Leaf Didymella sp. SZMC 27099 MT940235
Leaf Didymella sp. SZMC 27100 MT940236
Leaf Didymella sp. SZMC 27101 MT940237
Leaf Didymella sp. SZMC 27102 MT940238
Leaf Didymella sp. SZMC 27103 MT994617
Stem Alternaria sp. SZMC 27104 MT997192
Stem Alternaria sp. SZMC 27105 MT997193
Stem Fusarium sp. SZMC 27106 MT997194
Leaf Fusarium sp. SZMC 27108 MT997196
Leaf Fusarium sp. SZMC 27109 MT997197
Leaf Fusarium sp. SZMC 27110 MT997198
Stem Fusarium sp. SZMC 27111 MT881636
Stem Fusarium sp. SZMC 27112 MT881637
Leaf Fusarium sp. SZMC 27113 MT881638
Stem Fusarium sp. SZMC 27114 MT881639
Leaf Fusarium sp. SZMC 27115 MT997199
Leaf Penicillium sp. SZMC 27116 MT997200
Leaf Penicillium sp. SZMC 27117 MT997201
Table 1. Endophytic fungi isolated in this study.
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of Sordariomycetes were the most abundant (Fig. 1). 
The isolation rate was recorded as 0.66 for leaf and 
0.63 for stem and isolated fungi belong to 15 different 
genera. To characterize the biodiversity of endophytic 
fungi in the A. asiatica, the Shannon diversity index (H′) 
Simpson’s diversity index (1-D), and Margalef’s richness 
(D mg) have been calculated. The Shannon-index revealed 
higher certainty of endophytic fungal species consis-
tency in the stem compared to the leaf. Moreover, the 
Simpson’s-index clearly showed that the stem harbored 
slightly diverse fungal endophytes compared to the leaf. 
Finally, based on Margalef’s-index the stems have higher 
taxonomic richness than the leaf in A. asiatica (Table 2). 
Although the number of fungi in the leaves was higher 
than those in the stems, the notable difference was com-
paratively low (Fig. 2).
Strains belonging to Alternaria, Clonostachys, Didymella, 
Fusarium, Microsphaeropsis and Penicillium, Phoma genera 
were isolated both from stem and leaves. However, the 
members of Curvularia, Simplicillium and Phomopsis genera 
were found only in leaves, while Aspergillus, Stemphylium. 
and Trichoderma were isolated only from the stem (Fig. 
2, Table 1). These genera could be even tissue specific 
in A. asiatica, but to clarify this statement larger sample 
set would be favorable. It should also be considered that 
the host specificity of endophytic fungi can change the 
prevalence of their taxa in a particular plant and the di-
vergence in the endophytic fungal community might be 
harbored in specific host tissues due to the histological 
difference and nutritional availability (Arnold et al. 2007).
Antimicrobial effects of fungal extracts of A. asiatica 
endophytes 
Altogether, 328 extracts were tested against four bacte-
Plant part Species Collection code Genbank ID
Leaf Penicillum sp. SZMC 27118 MT997202
Leaf Penicillum sp. SZMC 27119 MT994761
Leaf Penicillum sp. SZMC 27120 MT994762
Stem Penicillum sp. SZMC 27121 MT994763
Leaf Penicillum sp. SZMC 27122 MT994764
Leaf Penicillum sp. SZMC 27123 MT994765
Leaf Phomopsis sp. SZMC 27124 MT994766
Leaf Phoma sp. SZMC 27125 MT994650
Leaf Phoma sp. SZMC 27126 MT994651
Leaf Phomopsis sp. SZMC 27127 MT994652
Stem Phomopsis sp. SZMC 27128 MT994653
Leaf Microsphaeropsis sp. SZMC 27129 MT994654
Leaf Simplicillium sp. SZMC 27130 MT994655
Stem Stemphylium sp. SZMC 27131 MT994656
Stem Trichoderma sp. SZMC 27132 MT881591
Stem Trichoderma sp. SZMC 27133 MT881592
Stem Trichoderma sp. SZMC 27134 MT994657
Stem Trichoderma sp. SZMC 27135 MT881593
Stem Trichoderma sp. SZMC 27136 MT881594
Stem Trichoderma sp. SZMC 27137 MT881595
Stem Trichoderma sp. SZMC 27138 MT881596
Leaf Trichoderma sp. SZMC 27139 MT881597
Stem Trichoderma sp. SZMC 27140 MT881598
Stem Trichoderma sp. SZMC 27141 MT881599
Stem Trichoderma sp. SZMC 27142 MT881600
Stem Phoma sp. SZMC 27143 MT994658
Stem Phoma sp. SZMC 27144 MT994659
Stem Phoma sp. SZMC 27145 MT994660
Stem Microsphaeropsis sp. SZMC 27146 MT994661
Stem Fusarium sp. SZMC 27147 MT994662
Stem Fusarium sp. SZMC 27148 MT994661
Table 1. Continued.
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ria, two yeasts and two filamentous fungi (Fig. 3, Fig. 4, 
Table 3). Our results revealed that altogether, 54 hexane, 
78 ethyl acetate, and 73 chloroform extracts of the fer-
ment broth and 78 mycelial extracts were active against 
at least one test strain. Remarkably high number of ex-
tracts (53) were active against B. subtilis, and 50% of the 
extracts were active against S. aureus (Fig. 2). However, 
lower percentage of extracts were active against Gram-
negative bacteria including E. coli (31%) and P. aeruginosa 
(28%). The extracts of Didymella sp. SZMC 27102 strain 
exhibited high activity against all of the tested bacteria 
and yeasts, while the extracts of Phoma sp. SZMC 27125 
and SZMC 27126 showed a remarkable activity against 
Gram-positive bacteria and the mycelial extract of these 
endophytic fungi showed high activity against Gram-
negative bacteria. However, their extracts did not show 
any activity against yeasts and filamentous fungi (Table 
3). Most of the Fusarium extracts exhibited remarkable 
antimicrobial activities against yeasts, but none of them 
were active against the two tested filamentous fungal 
strains. The ethyl acetate extracts of two Aspergillus iso-
lates (SZMC 27077, SZMC 27078) showed a significant 
inhibitory activity (>90%) against B. subtilis, S. aureus, P. 
aeruginosa and C. albicans.
During the yeast inhibition testing, C. krusei was found 
to be more resistant against the extracts than C. albicans 
(Fig. 3). In total, extracts of 46 strains were found to be 
possessing more than 90% inhibition against at least one 
test pathogen (Fig. 3). Taxa wise, Aspergillus, Alternaria, 
Fusarium and Didymella were found to have metabolites 
with effective yeast inhibition activity. Moreover, chlo-
roform and mycelial extracts of Trichoderma isolates were 
mainly active against R. solani and F. culmorum (Table 3).
Discussion
Despite the biotechnological potential of endophytic 
fungi, the basic ecology about their relationship with the 
host plants is poorly understood. Furthermore, given the 
high biodiversity of plants in Hungary, examining their 
fungal endophytes could lead to the discovery of novel 
metabolites. Therefore, in our study the fungal endophytic 
community of A. asiatica was examined. The cultur-
able endophytic fungi were identified using molecular 
techniques and their biodiversity, richness and tissue 
specificity were described. As these microorganisms 
have been generally identified as an abundant reservoir 
of novel antimicrobial compounds, the antimicrobial (i.e., 
antibacterial and antifungal) activities of the metabolites 
produced by the isolated fungi were also studied. 
The fungi isolated from A. asiatica were characteri-
zed into 3 classes and 5 orders. All of the isolated fungi 
belonged to the phylum Ascomycota, which includes 
three classes, Dothideomycetes, Sordariomycetes and 
Eurotiomycetes. Our findings revealed that the leaves 
and stem parts of the A. asiatica are excellent reservoirs 
for endophytic fungi, where the most abundant genera 
were Fusarium, Trichoderma, Penicillium and Alternaria. 
Although Alternaria and Fusarium species are consid-
ered as plant pathogens, they might be latent when they 
are inside the living tissues until the environmental 
conditions are favourable and certain strains of them 
might have evolved to endophytic lifestyle due to loss of 
virulence (Freeman and Rodrigues 1993). These species 
are gaining a lot of attention recently for their bioactive 
Diversity index Stem Leaves Total
Simpson’s (1-D) 0.1 0.13 0.07
Shannon (H’) 2.62 2.36 2.96
Pielou’s evenness (J) 0.89 0.87 0.9
Margeref richness 4.72 3.82 5.86
Table 2. Biodiversity parameters of endophytic fungi isolated from 
A. asiatica.
Strain code
F. culmorum R. solani
HEX CLF EtOAc C:M HEX CLF EtOAc C:M
SZMC 27132 - - - - - + - ++
SZMC 27133 - - - - - - - +
SZMC 27134 - - - - - + - +
SZMC 27135 - - - - - - - +
SZMC 27136 - - + - - - - +
SZMC 27137 - - - + - - - ++
SZMC 27138 - - - + - - - -
SZMC 27141 - - - - - + - +++
Table 3. Table 3. List of the endophytic fungi extracts showing inhibitory activities against plant pathogenic fungi.
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compounds (Toghueo et al. 2019; Hellwig et al. 2002; 
Kaushik et al. 2020). Members of the Trichoderma genus 
were also found dominant in our study colonizing only 
the stems. In the literature, most of the studies reported 
the tissue specificity of Trichoderma species to roots and 
leaves (Rosemana et al. 2018). In addition, the colonization 
mechanism of Trichoderma sp. was also reported through 
systemic infection, which proved that the fungus could be 
re-isolated from stems rather than leaves and roots after 
the infection of roots (Rosemana et al. 2018). 
In this work, five Phoma strains were isolated from 
stem and leaf. This genus is ubiquitous and inhabits a 
diverse range of hosts, from soil to air or from plants 
to animals (Aveskamp et al. 2010). Previously, extensive 
studies were carried out to clarify the significant generic 
boundaries in Didymellaceae, however, due to the lack of 
phylogenetic support of nearly 70 Phoma species belong-
ing to Didymellaceae could not be assigned to definite 
genera (Aveskamp et al. 2010; Gruyter et al. 2013; Chen 
et al. 2017). 
In our cases, the isolation rate of the fungi were found 
to be the highest in stem, followed by leaf, whereas similar 
studies in other plants showed higher isolation rates in 
the leaf compared to stems (Alurappa and Chowdappa 
2018). The tissue specificity are also affected by different 
environmental conditions. Previous studies showed that 
certain fungi, such as Aspergillus (El-Hawary et al. 2020) 
and Penicillium (Devi et al. 2012) species, did not exhibit 
tissue specificity. However, in our study, the Aspergillus 
strains were isolated only from stem.
Recently, an intensive research is required for effective 
antimicrobial drugs and the endophytic fungi are poten-
tial sources of these metabolites because they have been 
identified as an abundant reservoir of novel antimicrobial 
compounds (Strobel 2003). In the present work, 82 endo-
phytic strains were isolated from the plant parts and the 
antimicrobial activity of their metabolites was evaluated. 
Altogether, 14.63% of the isolates had antibacterial effects 
with wide spectrum. Gram-positive bacteria were found 
to be more susceptible than Gram-negative bacteria and 
the observed antibacterial activity was higher than the 
antifungal activity. Altogether, 86.2% of the extracts were 
active against bacteria, whereas only 53% were active 
against yeasts and regarding Gram-positive bacteria, 
especially B. subtilis showed the highest sensitivity to the 
extracts. Alternaria and Aspergillus were the most predomi-
nant genera found to be exhibiting higher antibacterial 
activity than other fungi. Six out of 9 Alternaria strains 
had inhibitory activity against all the test organisms and 
at least one extract of all the Aspergillus isolates were ac-
tive against all the test organisms. Furthermore, three 
and seven isolates showed inhibitory effects against the 
filamentous fungi F. culmorum and R. solani, respectively. 
Figure 2. Distribution of endophytic fungi of A. asiatica at genus level. Figure 3. Summary of the antibacterial effects of endophytic extracts 
isolated from A. asiatica. C:M = chloroform:methanol (4:1 V/V) extract 
of mycelia.
Fig. 4. Summary of the antifungal effects of endophytic extracts isolated 
from A. asiatica. C:M = chloroform:methanol (4:1 V/V) extract of mycelia.
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Biosurfactants are natural products of various micro-
organisms such as bacteria, yeasts and fungi. They are 
constituted of peptides, saccharides or lipids or their 
combinations (Ward 2010). Biosurfactants have an am-
phiphilic nature due to possessing both hydrophilic and 
hydrophobic moieties, thus making these compounds able 
to lower the surface tensions of water/air, oil/air, or the 
oil/water interfaces (Santos et al. 2016). Most biosurfac-
tants are either anionic or neutral, and few of them are 
cationic. The hydrophobic moieties of these molecules are 
made up of fatty acids, hydroxy fatty acids, or α-alkyl-
β-hydroxy fatty acids possessing greater chain lengths. 
The hydrophilic parts can be carbohydrates, amino acids, 
cyclic peptides, phosphates, carboxylic acids, or different 
alcohols (Mulligan 2005). According to a recent study 
there are several causes for microorganisms to produce 
biosurfactants, mainly the necessity of changing the sur-
face or interfacial properties of cells or the surrounding 
environment. These changes are mostly facilitating the 
formation and development of fruiting bodies and bio-
films, the gliding movement or the swarming of cells. The 
amount of lipopeptides produced by the bacteria can be 
influenced by altering the culture conditions, for example 
with the application of different carbon sources and metal 
ions (Bartal et al. 2018) or the pH control of the ferment 
broth (Czinkóczky and Németh 2020). These compounds 
play an important role in controlling cell development, 
therefore they have various therapeutic activities includ-
ing anti-microbial and anti-tumour effects (Mukherjee 
and Das 2010). Biosurfactants also possess important 
properties, such as low toxicity and specificity, more-
over they are relatively easy to prepare. These bioactive 
compounds have attracted considerable interest during 
the past decade. Due to their characteristics, there were 
several attempts for their industrial applications, for ex-
ample the bioremediation of organic chemicals, petroleum 
and petrochemicals, or their utilization as agrochemicals 
and fertilizers in agriculture. There are experiments for 
applications regarding food industry, cosmetics manufac-
turing, pharmaceuticals and detergents. Their attributes 
also propose the possibility for using biosurfactants as 
emulsifiers, demulsifiers, wetting agents, foaming agents 
and spreading agents (Volkering et al. 1997). 
Lipopeptides are a wide group of microbial biosurfac-
tants, consisting of a short linear or cyclic oligopeptide 
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linked to a fatty acid chain. They are produced by a 
high variety of microorganisms such as fungi, including 
Aspergillus, and several different bacteria, for example 
Pseudomonas, Streptomyces, and Bacillus. These compounds 
claimed the most attention due to the discovery of their 
antimicrobial, immunosuppressive, antitumor, and high 
surface activities (Cameotra and Makkar 2004; Gross and 
Loper 2009; Pirri et al. 2009; Raaijmakers et al. 2010). 
The proposed antimicrobial mechanism of lipopeptides 
is forming pores in the cellular membrane, resulting in 
an imbalance in ion flux leading to eventual cell death 
(Bender et al. 1999; Baltz 2009; Raaijmakers et al. 2010).
In 1968, Arima et al. isolated a substance in the form 
of needle-shaped white crystals from Bacillus subtilis and 
they named it “surfactin” due of its strong surface activ-
ity (Arima 1968). In addition to this property, surfactin 
was also proved to inhibit fibrin clot formation. Arima 
characterized surfactin as lipopeptide by its nature and 
its amino acids composition was also determined (Arima 
1968). During 1969 several studies have been made to 
elucidate the full structure of surfactin (Kakinuma et al. 
1969a, 1969b). The firstly described surfactin compound 
consists of a hydrophobic fatty acid “tail part” and a hy-
drophilic cyclic heptapeptide “head part” linked together 
by a lactone bridge (Bonmatin et al. 2003; Kakinuma et al. 
1969b). Subsequent studies in the next decades revealed 
that surfactins have more variants having different fatty 
acid chain lengths and various changes in their amino acid 
sequences ( Jenny et al. 1991; Lin et al. 1994; Yakimov et 
al. 1995; Kecskeméti et al. 2018). Surfactins have an acidic 
nature and can be dissolved in alkaline water and in polar 
organic solvents like methanol, ethanol, acetone, ethyl 
acetate, chloroform, methylene chloride and acetic acid, 
although it is insoluble in water, petroleum ester, hexane 
and other non-polar organic solvents. In its solid state, 
surfactin forms white, needle-shaped crystals, and it shows 
a powerful surface activity, exceeding that of sodium 
lauryl sulphate. Surfactin can lower the water's surface 
tension from 72 mN/m to 27 mN/m at very low concen-
trations (~0.005%). UV spectroscopic observations show 
that surfactin has no absorption in the range of 230 - 400 
nm (Arima et al. 1968).
Recently there is a growing interest in studying surfac-
tins, triggered by the increasing evidence for their poten-
tial as medical therapeutic agents, especially as antiviral, 
antimicrobial, anticancer, hemolytic, blood anticoagulant, 
and fibrinolytic agents (Al-Ajlani et al. 2007). Surfactin 
is produced mainly by the Gram-positive, endospore-
forming bacteria Bacillus subtilis (Peypoux et al. 1999), 
as well as B. pumilus, B. amyloliquefaciens, B. licheniformis, 
and B. mojavensis (Alvarez et al. 2011; Chen et al. 2015).
In the past decades there has been a growing scientific 
and industrial attention towards using naturally produced 
biosurfactants instead of their chemically synthesized 
counterparts. The main reason behind this is the ad-
vantages of these natural compounds such as their low 
toxicity, easier biodegradability and possible specific 
activity amongst extreme conditions. While increasing 
number of the different surfactin variants reported, there 
is a lack of information regarding their exact structure 
and the possible differences in their biological activities. 
Therefore, the aim of our work was the purification of 
the different surfactin variants by various separation 
techniques for their further structural elucidation and to 
serve possibilities for the detailed examinations of their 
biological activities.
Materials and Methods
Culture conditions and sample preparation
The examined Bacillus subtilis strain SZMC 6179J was 
previously isolated from tomato rhizosphere and its 
antagonistic properties were characterized and reported 
by Vágvölgyi et al. (2013).
For the surfactin production, a liquid ferment broth 
was applied according to the method described by Besson 
et al. (1987). It contained 10 g/L glucose, 5 g/L glutamic 
acid, 1 g/L KH2PO4, 1 g/L K2HPO4, 1 g/L KCl, 500 mg/L 
MgSO4 × 7 H2O, 5 mg/L FeSO4 × 7 H2O, and 160 µg/L 
CuSO4 × 5 H2O. Bacteria were inoculated into 4 x 1 L 
medium in four 2-L Erlenmeyer flasks, then incubated 
on a rotary shaker at 120 rpm for 5 days at 25 °C. After 
this, the cells were removed from the ferment broth by 
centrifugation (4 °C, 8000 rpm, 15 min) using aliquots 
in 50 mL Falcon tubes. Peptides were precipitated from 
the supernatant acidified to pH 2 by the addition of 
hydrochloric acid (VWR Chemicals, Hungary). After an 
overnight incubation at 4 °C, the acidified ferment broth 
was centrifuged (4 °C, 8000 rpm, 15 min), the supernatant 
was discarded, and the collected pellet was resolved in 50 
mL methanol. The remaining particulates were removed 
by centrifugation, and after the addition of 1 g silica gel 




The crude extract from the B. subtilis strain SZMC 6179J 
containing the produced surfactin compounds was pre-pu-
rified for separation by a CombiFlash EZ Prep Streamline 
Flash and Preparative HPLC Chromatograph (Teledyne 
ISCO, USA). The sample evaporated on silica gel (Molar 
Chemicals, Hungary) was loaded into a RediSep 25 g car-
tridge (Teledyne ISCO, USA), while the silica gel used for 
Bartal et al.
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the purification was loaded into a Biotage 50g cartridge 
(Teledyne ISCO, USA). The applied elution program was 
isocratic using two solvents: 70% toluene (eluent A, Molar 
Chemicals, Hungary) and 30% methanol (eluent B, Molar 
Chemicals, Hungary) of five column volumes (500 mL). 
The flow rate was 40 mL/min and 20 mL fractions were 
collected into 30 mL test tubes leading to 25 fractions 
altogether and the length of the run was 12.5 min.
Preparative and semi-preparative HPLC methods
After the flash chromatographic run, a preparative HPLC 
purification was carried out to further cleanse the sample 
from contaminants for facilitating the actual isolation 
of the different surfactin variants by a semi-preparative 
HPLC separation. Both of them were performed by the 
aforementioned CombiFlash EZ Prep instrument (Tele-
dyne ISCO, USA) in reverse phase and with the same 
solvents: eluent A was water and eluent B was a mixture 
of acetonitrile/methanol (1:1, V/V %, Molar Chemicals, 
Hungary), both solvents supplemented with 0.1% acetic 
acid (VWR International, Hungary).
The preparative step was achieved on a Phenomenex 
Gemini-NX (Phenomenex, USA) column (5µ, C18, 100 
× 21.20 mm) using the following gradient elution time 
program: 30% of eluent B for 2 min followed by a sheer 
increase to 75% in 2 min. Then a slower, linear increase 
to 95% follows ending at 30 min, where this rate was held 
for 15 min, then decreased to the initial 30% in 2 min and 
remained constant until the pressure stabilized ending 
the run of 60 min in total. The flow rate was 10 mL/min, 
the injection volume was 5 mL and 20 mL fractions were 
collected into 30 mL test tubes, having 30 fractions in total.
The semi-preparative isolation was executed on a 
BioBasic-18 (Thermo Scientific, USA) column (5µ, C18, 
250 × 10 mm) with an isocratic elution of 80% eluent B 
for 90 min. The flow rate was 5 mL/min, the injection 
volume was 1 mL and fractions collected every 5 mL into 
13 mL test tubes, resulting in 90 fractions.
Analytical HPLC-MS methods
The purity of the crude extracts and the fractions of the 
flash chromatographic and preparative HPLC separa-
tions, as well as the identification and relative quantitative 
examination of the semi-preparative HPLC fractions 
were carried out by HPLC-HESI-MS measurements. The 
applied instrument was a Nexera XR HPLC (Shimadzu 
Corporation, Japan) coupled with a TSQ Quantum Access 
triple quadrupole mass spectrometer (Thermo Scientific, 
USA). Both the quantitative and qualitative acquisitions 
implemented the eluents of the preparative and semi-
preparative HPLC isolations described above, and also the 
following reverse phase gradient elution time program was 
utilized in both cases: 5% eluent B for 2 min, increased to 
80% in the following 2 min, then gradually raised to 95% 
at 24 min. This rate was held for 9 min, then dropped to 
5% in 2 min, followed by a 5 min long equilibration stage, 
ending the run of 40 min in total. The flow rate was 0.2 
mL/min and the column heater temperature was 30 °C. 
The applied column was a Gemini-NX (3µ, C18, 150 × 2 
mm). The injection volume was 10 µL.
Both the purity checking, and the identifying measure-
ments were carried out with heated electrospray ioniza-
tion (HESI) ion source and in positive polarity. The spray 
voltage was +4000 V, the vaporizer temperature was 285 
°C, the capillary temperature was 350 °C, the sheath gas 
pressure was 10 psi and the auxiliary gas pressure was 
15 psi. The examinations of the purified fractions were 
achieved in full scan mode set between 900 – 1600 m/z 
values with the scan time of 1 sec/scan. The identifica-
tion of the different surfactin variants were performed in 
single reaction monitoring (SRM) mode with a collision 
energy of 60 V. The m/z values of sodiated surfactin mol-
ecules were set as parent ion masses (m/z 1016.7, 1030.7, 
1044.7, 1058.7, 1072.7, 1086.7, 1100.7, 1114.7) and for every 
parent ion, the first two internal fragment ions of every 
natural surfactin variant were set as a daughter ion (m/z 
580.7, 594.7, 608.7, 622.7, 679.7, 693.7, 707.7, 721.7, 735.7) 
(Kecskeméti et al. 2018). Simultaneously with the SRM 
analyses, selected ion monitoring (SIM) mode was also 
used for the relative quantitative measurement of the 
detected isoforms and homologues, examining the par-
ent ion m/z values listed above. With these two modes, 
80 different scan events ran parallel, each for a scan time 
of 0.1 sec/scan.
Results
Analysis of crude surfactin extract
After the extraction of the lipopeptides from the ferment 
broth, the initial purity of the crude extract was mea-
sured by HPLC-HESI-MS examination in full MS mode 
(Fig. 1A). By calculating the integrated area of all peaks 
of the total ion chromatogram (TIC) of the sample and 
the extracted ion chromatogram (EIC) of all m/z values 
belonging to surfactins, which eluted from 20 min to 28 
min, their ratio was observed in the crude extract to be 
21.35%. As it can be seen, many contaminants appeared 
mostly at the lower retention time region, therefore the 
inclusion of a pre-purification step was recommended 
before loading our sample on a preparative HPLC column 
in large amounts. For that purpose, flash chromatographic 
separation was applied.
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Flash chromatographic and preparative HPLC separa-
tion 
Every fraction of the flash chromatographic separation 
was collected and their surfactin content and purity were 
measured by HPLC-HESI-MS technique in full MS mode. 
Although it could be observed that the relative amount of 
contaminants decreased considerably, the peak around 
the ten minute mark still exceeds the intensity of surfac-
tins (Fig. 1B). Based on the calculation of the integrated 
peak areas of both the TICs and the EICs of all fractions 
the relative amount of surfactins and their purity were 
determined (Fig. 2). Based on these calculations, fractions 
4 – 7 were pooled, while the rest were discarded. The ratio 
of surfactins in this pooled sample was 30.44%. 
To further purify the sample from impurities, a pre-
parative HPLC isolation was performed on the sample 
containing the combined fractions 4 - 7. Following the 
preparative HPLC separation, the resulting 30 fractions 
were collected and their relative surfactin content and 
its purity were measured also by HPLC-HESI-MS ex-
aminations. Comparing the chromatograms (Fig. 1), it 
can be outright seen that most of the contaminants were 
separated from surfactins, all the peaks possessing lower 
retention times disappeared, only some minor impurities 
can be observed among the peaks of surfactins, suggesting 
that these compounds bear similar affinity to the station-
ary phase, therefore eluted along with the lipopeptides 
to be isolated (Fig. 1C). After the evaluation of all frac-
tions, the intensities and area ratios of surfactins were 
calculated (Fig. 3). For the most efficient isolation of the 
different surfactin variants, the combined fractions are 
recommended to be as pure as possible, while the sample 
should contain relatively high amount of surfactins. For 
these considerations, fractions 9 - 13 were merged and the 
rest of those that contain these lipopeptides were stored 
for subsequent purification. The final surfactin ratio of 
the pooled sample was 85.39%.
Semi-preparative HPLC separation
As a final step, a semi-preparative HPLC separation was 
carried out for the isolation of the different surfactin 
homologues and isoforms. The identification of the de-
tected surfactin variants and their relative amounts were 
measured in all the fractions by HPLC-HESI-MS tech-
nique, in SRM and full MS modes, respectively (Fig. 4).
By the examination of the MS2 spectra of all fractions 
of the semi-preparative HPLC separation, 9 molecules 
were identified altogether, with 4 different amino acid 
sequences ([Sur], [Val2], [Val7], [Val2,7]) and with 3 dif-
ferent fatty acid chain lengths (C13-C15). Out of the 9 
variants, only C13-[Val2], C15-[Val7] and C15-[Sur] were 
Figure 1. The total ion chromatogram of surfactins in the crude extract 
(A), in the 6th fraction of the flash chromatographic separation (B) and 
the 10th fraction of the preparative HPLC separation (C).
Figure 2. The intensities (A) and purities (B) of each fraction of the 
preparative flash chromatographic separation.
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detected with more than 99% ratio in a fraction. In the 
cases of C15-[Val7], C14-[Val2,7], C13-[Sur], C14-[Val2], 
C14-[Val7] and [C14-Sur], their most pure fractions had 
ratios of 98.55%, 43.66%, 95.34%, 53.81%, 98.69% and 
77.54%, respectively. The relative amounts of these mol-
ecules were also observed in comparison to the total 
integrated peak areas of every variant in every fraction 
(Fig. 5). Among the 9 molecules, C14-[Val7] and C14-[Sur] 
were found in the highest relative amounts, in 21.40% and 
20.81%. They were followed by C14-[Val2,7], C15-[Val7], 
C15-[Sur] and C13-[Val7], with the area ratios of 12.13%, 
11.10%, 11.05% and 10.93%, respectively. C13-[Sur] was 
observed in 7.12% of the total peak area, while C14-[Val2] 
had a ratio of 4.18% and C13-[Val2] had been found in 
the lowest relative amount, it only possesses 1,29% of 
the total surfactin amount detected in the fractions of 
the semi-preparative HPLC separation.
The efficiencies of the different separation steps
After each purification step the collected and merged 
fractions were evaporated and the weights of the dry mat-
ters were measured. The weights of surfactins and other 
impurities were calculated based on their respective peak 
area ratios of the HPLC-HESI-MS analyses, giving the 
efficiencies of the different separation techniques (Fig. 6).
In terms of peak area ratios, 21.35% of the total area 
belonged to surfactins in the crude extract. It was only 
Figure 3. The intensities (A) and purities (B) of each fraction of the 
preparative HPLC separation.
Figure 4. Fractogram of the identified surfactin variants (A) separated 
by semi-preparative HPLC technique and the ratios of surfactins in 
the fractions (B).
Figure 5. Ratios of the integrated peak areas of the different surfactin 
variants in fractions of the semi-preparative separation.
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increased to 30.44% after the flash chromatographic sepa-
ration and the preparative HPLC purification technique 
raised the ratio of surfactins up to 85.39% altogether.
Based on these data and the measured weights of 
the dry matters, 74.18% of contaminants were removed 
by flash chromatography, and 95.59% of the remaining 
impurities were cleansed during preparative HPLC, 
leaving only 1.20% of the total amount of contaminants 
in the sample. On the other hand, the preparative flash 
chromatographic isolation removed 58.36% of surfactins 
as well, only to be further decreased by 41.10% by the 
preparative HPLC separation step. Thus, the calculated 
amount of surfactins remaining in the sample was only 
24.53% that of the crude extract. This might be the ex-
planation to the rather peculiar observation that only 9 
different surfactin variants were detected in the fractions 
of the semi-preparative HPLC separation, although this 
strain is known to produce far more and in much higher 
variety of the different isoforms and homologues, which 
may have been lost during the purification process. Es-
pecially the loss of the molecules possessing longer fatty 
acid chains suggest that they were discarded among with 
the fractions collected later and having less area ratios 
than the ones being collected and merged.
In conclusion, the developed multi-step purification 
and separation of surfactins proved to be successful, more 
than 98% of the contaminants detected in the crude extract 
were removed and the C13-[Val2], C15-[Val7] and C15-
[Sur] variants were completely isolated from the rest of the 
molecules, while three others were detected in more than 
95% in some fractions. The efficiency of the separation 
however needs to be optimized, since around 75% of the 
calculated starting amount of surfactins were lost during 
the process, possibly including the homologues having 
more than 15 carbon atoms in their fatty acid chains. The 
flash chromatographic technique is especially in need of 
further development, subsequent repetitions of this step 
might be a suitable solution for decreasing the loss of 
surfactins and for increasing its purification potential.
Discussion
Surfactins have many potential applications, especially 
regarding therapeutic and environmental issues. The 
first example for the former was discovered by Arima 
et al. (1968); they observed that surfactin inhibits fibrin 
clot formation. Many other therapeutic activities were 
discovered later, e.g., antimycoplasmal, antibacterial and 
antiviral, anti-adhesive and anti-inflammatory effects 
(Vollenbroich et al. 1997; Kracht et al. 1999; Mulligan 2005; 
Heerklotz and Seelig 2006; Cho et al. 2006; Seydlová and 
Svobodová 2008). Furthermore, the use of surfactins as 
biosurfactans is an alternative to replace the chemically 
synthesized surfactant compounds. Biosurfactants are 
biodegradable and have lower toxicity (Kosaric 1992). 
The length of the fatty acid chain and the amino acid 
sequence varies, resulting in numerous isoforms of the 
surfactins in previous works (Bonmatin et al. 2003). 
Although most of these variants were reported in the 
1990s, our recent studies introduced novel surfactin 
molecules containing the following modifications: Val in 
the second amino acid position [Val2] (Bóka et al. 2016), 
aspartic acid 4-methyl ester at the fifth and Val in the 
seventh positions [AME5, Val7], leucine or isoleucine in 
the fourth and AME at the fifth positions [Lxx4, AME5] 
(Kecskeméti et al. 2018). Furthermore, it was also re-
ported that the culture conditions of the producer strain 
could significantly influence the relative amounts of the 
individual members of surfactins produced allowing 
the selective production of certain groups of surfactins 
(Bartal et al. 2018). 
However, the newly discovered surfactin variants were 
only characterized via spectrometric techniques and the 
confirmation of their exact structure will be important 
(for this the pure form of these compounds would be 
necessary in relatively large quantities). Furthermore, 
distinct surfactin variants could have different biological 
activities, as described by Aleti et al. (2016). They noted 
that two different surfactin variants with subtle struc-
tural differences had varying effects on bacterial biofilm 
formation on plant roots.
Therefore, in our work a multi-step purification and 
separation process was developed to isolate surfactins 
from the crude extract of the ferment broth of B. subtilis 
SZMC 6179J strain and to separate the different variants 
and homologues of this lipopeptide family. The method 
incorporates normal phase flash chromatography for 
Figure 6. Measured weights of the dry matters after each separation 
step and the calculated weights of surfactins and the contaminants 
based on the peak area ratios of the HPLC-HESI-MS measurements.
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pre-purifying the crude extract and two consecutive 
reverse phase high performance liquid chromatographic 
techniques; one with a preparative column to further 
cleanse the sample from contaminants, which was fol-
lowed by a semi-preparative RP-HPLC for the isolation of 
the various surfactin molecules. The measurement of the 
relative amounts of lipopeptides in the crude extract and 
in each fraction of every step was carried out by HPLC-
HESI-MS examinations, as well as the identification of 
the different surfactin variants detected in the fractions 
of the semi-preparative HPLC separation.
The measured weight of the crude extract was 492.25 
mg and the peak area ratio of surfactins in it was 21.35%. 
After the preparative flash chromatographic separation, 
fractions 4 - 7 were merged and kept for further purifica-
tion. The weight of the dry matter found in these fractions 
was 143.71 mg and the relative amount of surfactins was 
observed to be 30.44%. Fractions 9 - 13 of the preparative 
HPLC purification step were collected together, their 
dry matter weighting 30.18 mg altogether, while the 
integrated peak area of surfactins were 85.39% that of 
the total area of peaks detected in this sample, meaning 
that more than 98% of impurities detected in the crude 
extract were removed by these separation steps, however, 
about 75% of surfactins were also lost during the process.
Examination of the fractions of the semi-preparative 
HPLC isolation technique showed that altogether 9 dif-
ferent surfactin variants were isolated and identified, out 
of which 3 compounds were completely purified, and 
other 3 were detected in relative amounts of more than 
95% in some fractions.
These results suggest that the developed multi-step 
method is applicable for the purification of surfactin 
isoforms and homologues for subsequent structural 
characterization by spectroscopic techniques, however, 
further optimization is necessary to increase the efficiency 
of the whole process. 
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Throughout evolution, the dependence of human beings 
on nature has been everlasting. Natural products have 
among the important sources of medicine for millennia 
to alleviate and treat various diseases. However, despite 
the rise of combinatorial chemistry as an integral part 
of lead discovery process, natural products still play a 
major role in providing novel and interesting chemical 
scaffolds for drug discovery with an outstanding de-
velopment in the areas of separation science (Liu et al. 
2019). Although plants are considered as the biofactories 
of many valuable bioactive compounds, they possess the 
disadvantage of slow growth rate, while harvesting rare 
and endangered species also poses a risk ( Jia et al. 2016). 
Therefore, it is necessary to find alternative approaches 
to produce medicinal plant-derived bioactive metabolites. 
In recent decades, endophytes have been recognized as 
sources of several bioactive compounds and are studied 
as potential sources of novel natural products for medi-
cal and commercial exploitation (Selvakumar and Pan-
neerselvam 2018). 
The term “endophyte” originally introduced by de 
Bary (1866) to distinguish fungi – living inside host tis-
sues – from epiphytes, is derived from the Greek word 
“endon”, meaning inside or within and “phyton”, meaning 
plant. The meaning of the word has evolved to include any 
microorganism that inhabits plants during a period of its 
life cycle, especially within leaves, branches, and stems, 
without causing significant damage to its host (Wilson 
1995). Endophytes possess a complex relationship with 
their hosts. They are symbiotic in nature, which may be 
mutualism, commensalism or saprophytism (Clay and 
Schardl 2002; Strobel and Daisy 2003). Endophytes can 
increase the competitive abilities and fitness of plants by 
increasing their nutrient uptake, resistance to drought 
and water stress, tolerance to heavy metal stress and 
high salinity, or their growth rate through biochemical 
pathways by producing plant growth hormones. For 
example, researchers proved that most of the endophytic 
fungi produce indole-3-acetic acid ( Tan and Zou 2001; 
Turbat et al. 2020). It was also suggested that these endo-
phytes initiate the biological degradation of the dead or 
dying host tissues ( Tan and Zou 2001). Although almost 
all higher plants contain at least one endophytic micro-
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organism, the relationship between microbes and their 
plant hosts remains one of the least studied biochemical 
systems, because it is difficult to find the exact physical 
relationship in the interaction. Given this fact, this long-
held association might have created a specific genetic 
system in endophytes regarding their relationship with 
plants or vice versa (Strobel 2003).
Endophytic fungi are highly diverse, and more than 
1 million species of this fungal group is estimated to be 
undiscovered (Sun and Guo 2012). They represent an 
important component of fungal biodiversity and it has 
also been observed that almost every plant examined 
to date harbors at least one species of endophytic fungi, 
while many plants, particularly woody plants, contain 
hundreds of endophytic species (Petrini 1986; Sahoo et 
al. 2017). However, various factors affect the distribution 
of the endophytic fungal community, such as environ-
mental factors (temperature, humidity), and the type and 
age of the colonized host tissue (Sanchez-Azofeifa et al. 
2012). Most of the studies reported that Dothideomycetes 
and Sordariomycetes are the dominant classes found 
in medicinal plants, but the diversity of the endophytic 
fungi also differs according to the geographical regions 
(Kharwar et al. 2008; Dhayanithy et al. 2019).
Endophytic fungi of medicinal plants are potential 
sources of novel bioactive compounds and some have 
also been proved to produce plant-associated therapeutic 
metabolites (Huang et al. 2007; Vigneshwari et al. 2019). 
The endophytic fungi such as Acremonium, Alternaria, Asper-
gillus, Cephalosporium, Chaetomium, Chloridium, Choanephora, 
Colletotrichum, Fusarium, Gliocladium, Hypoxylon, Paecilomyces, 
Penicillium, Pestalotiopsis, Talaromyces, and Trichoderma from 
different medicinal plants have been reported as sources of 
several bioactive compounds (Rana et al. 2019). A diverse 
array of endophytic metabolites exhibited antimicrobial 
activity against various pathogenic microbiota, and these 
can be used in pharmaceuticals, medicine, and agriculture 
(Gunatilaka et al. 2006; Yo et al. 2017; Sim et al. 2020). 
The common juniper (Juniperus communis L.) is a bush 
or small evergreen tree which has been commonly referred 
to as herbal medicine in ancient times. It contains various 
chemical constituents including flavonoids, volatile oils, 
coumarins and therapeutically important anticancer 
lignans, podophyllotoxin and deoxypodophyllotoxin 
(Hartwell et al. 1953). Previous studies reported the 
isolation and characterization of endophytic fungi har-
boured in Juniperus plants sampled from the natural 
populations in Dortmund and Haltern (Germany), and 
Jammu and Kashmir (India). This resulted in the discov-
ery of a deoxypodophyllotoxin-producing endophytic 
fungus harboured in J. communis (Kusari et al. 2009). 
The endophytic fungi isolated from Juniperus trees such 
as Penicillium and Aspergillus were also found to exhibit 
antimicrobial activities (Gherbawy and Elhariry 2016).
In our study, isolation and identification of endophytic 
fungi from J. communis were undertaken and their biodi-
versity parameters evaluated. Furthermore, the antimi-
crobial activities of metabolites extracted with different 
organic solvents from both the ferment broth and mycelia 
of isolated endophytic fungi were also determined.
Materials and Methods
Collection of J. communis samples
Fresh, healthy parts of the J. communis plants were collected 
during the late autumn of 2015, 2016 and 2017 (Table 1.). 
GPS coordinates of the sampling sites were recorded. All 
plant specimens have been identified and authenticated 
by experts. Collected specimens were placed into sealed 
plastic bags, labelled with the number and date of collec-
tion and stored at 4 °C until processing.
Isolation of endophytes
Isolation of endophytic fungi from plant parts was per-
formed according to the method described by Garyali 
(2013) with minor modifications. The plant materials 
were rinsed in running tap water to remove dust and 
debris, and the specimens were cut into small segments 
of about 0.5 to 1 cm in length using a sterile blade. The 
leaf, twig, root, and cone parts were separated, and these 
parts were examined for their fungal endophyte content. 
The plant segments were surface sterilized to kill the 
epiphytic microorganisms by sequentially immersing 
the plant material in 70% ethanol for 60 sec, washing 
with sterile distilled water and then steeping in 0.01% 
mercuric chloride (VWR International, Hungary) for 
30 sec. Finally, the specimens were washed again with 
sterile distilled water 2-3 times and then allowed to dry 
on a sterile blotting paper. Each segment was placed onto 
the surface of PDA medium (VWR International, Hun-
gary) supplemented with ampicillin (50 µg/mL, Merck, 
Hungary) in Petri dishes. They were incubated at 25 °C 
for 5-10 days and checked daily for the growth of fungal 
colonies. Pure isolates were obtained by picking individual 
colonies from the plates and transferring them onto fresh 
PDA medium where they were incubated at 25 °C for 10 
days. Each fungal culture was checked again for purity, 
transferred separately to PDA slants, maintained at 4 °C 
and deposited in the Szeged Microbiological Collection 
(SZMC, Hungary; http://www.wfcc.info/ccinfo/collec-
tion/by_id/987).
Molecular identification of isolates
Genomic DNA was isolated from fungal mycelia grown 
in PDB medium (VWR International, Hungary) at 25 °C 
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for 7 days. Isolation and purification of genomic DNA 
was performed using the EZNA Fungal DNA Mini Kit 
(Omega Bio-tek, Norcross, USA) according to the manu-
facturer’s instructions. 
DNA fragments containing the ITS region of the 
ribosomal DNA gene cluster were amplified using the 
primers ITS1 and ITS4 (White et al. 1990). Polymerase 
chain reaction (PCR) was performed in a total volume 
of 25 µL consisting of 2.5 µL of PCR reaction buffer 
(10×Standard Reaction Buffer), 2 µL of 2mM dNTP, 
0.5 µL of 10 µM ITS1 forward primer (5’-TCCGTAG-
GTGAACCTGCGG-3’), 0.5 µL of 10 µM ITS4 reverse 
primer (5’-TCCTCCGCTTATTGATATGC-3’), 2 µL of 
DNA template and 0.125 µL of Pfu DNA-polymerase 
(Fermentas). The PCR amplification profile consisted of 
an initial denaturation at 94 °C for 5 min, followed by 35 
amplification cycles (30 sec at 94 °C, 40 sec at 48 °C, and 1 
min 72 °C) and a final extension at 72 °C for 3 min. PCR 
products were separated using horizontal gel electro-
phoresis in 1% agarose gel supplemented with ethidium 
bromide at 0.1 µg/mL final concentration. Electropho-
resis was performed for 30 min at 100 V. Separated DNA 
fragments were visualized using a UV transilluminator 
(UVP-BioDoc-ItTM imaging Systems, Analytik Jena, Jena, 
Germany). 1000 bp marker (Fermentas) was used to de-
termine the size of the products.
Amplified DNA fragments were sequenced (BaseClear, 
The Netherlands) and used for BLAST similarity search 
at the website of the National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov/BLAST). 
Genus level identification was carried out from the lowest 
expect value of the BLAST output.
Screening of bioactive metabolite-producing endophytic 
fungi
Secondary metabolite extraction
The isolated endophytic fungi were cultured for 7 days 
at 25 °C in 50 mL PDB medium. Then the mycelia were 
separated from the broth by filtration through a cheese 
cloth and dried overnight in an oven until constant weight. 
Then 25 mL distilled water was added to the dry material, 
which was then sonicated for 20 min after the addition of 
an aliquot of liquid nitrogen to maintain the chilled condi-
tion. After that the extraction of the aqueous samples was 
done with a 25 mL mixture of chloroform and methanol 
(4:1, V/V) and extraction was repeated 3 times. The ferment 
broths were extracted 3 times sequentially with 50-50 
mL of hexane, ethyl acetate and chloroform, respectively, 
and both extract series were pooled. The organic solvents 
were removed by a rotary evaporator (IKA HB10 basic, 
VWR International, Hungary) in vacuum at 30 °C from 
each pooled extract including ethyl acetate, chloroform, 
as well as chloroform and methanol (4:1, V/V) fractions. 
The resulted 4 dry samples per each isolate were stored at 
-20 °C and resuspended in 1 mL of HPLC grade methanol 
(VWR International, Hungary) prior to use.
Activity assays against bacteria and yeast
For testing the antibacterial potential of the crude ext-
racts, 400 μL of the methanolic extracts were transferred 
into new Eppendorf tubes and dissolved in 1 mL 10% 
methanol after evaporation. These extracts were tes-
ted against two Gram-negative (Escherichia coli SZMC 
6271 and Pseudomonas aeruoginosa SZMC 23290), two 
Gram-positive bacteria (Staphylococcus aureus SZMC 
14611 and Bacillus subtilis SZMC 0209) and two yeasts 
(Candida albicans SZMC 1533 and C. krusei SZMC 1352). 
For the assay, the suspensions of the microbes were pre-
pared from overnight cultures, which were cultivated in 
Luria-Bertani broth (10 g tryptone, 5 g yeast extract and 
5 g NaCl in 1 L distilled water) and yeast extract peptone 
dextrose broth (20 g peptone, 10 g yeast extract and 20 g 
glucose in 1 L distilled water) for the bacteria and yeasts, 
respectively, at 37 °C. Their concentrations were set to 
4 × 105 cells/mL with sterile media. Then, 96-well plates 
were prepared by dispensing 100 μL suspension conta-
ining the bacterial or yeast cells, 100 μL of the extract 
dissolved in 10% of methanol was added into the wells, 
which were then incubated for 24 h at 37 °C. The mixture 
of 100 μL broth and 100 μL 10% methanol was used as 
the blank sample for background correction, while 100 
μL of the microbial suspension supplemented with 100 
μL 10% methanol was applied as the negative control. 
The positive control contained ampicillin (100 μg/mL, 
Merck, Hungary) for bacteria and nystatin (10 μg/mL, 
Merck, Hungary) for fungi. The inhibitory effects of each 
derivative were spectrophotometrically (SPECTROstar 
Nano, BMG Labtech, Ordenberg, Germany) determined 
at 620 nm after incubation, and the inhibition rate was 
calculated as the percentage of the positive control after 
blank correction.
Activity assay against filamentous fungi
To determine the potential antifungal activity of the 
fungal extracts against filamentous fungi, agar well dif-
fusion assay was carried out. Evaporated samples of crude 
extracts (400 μL) were dissolved in 1 mL 10% methanol. 
Four holes with a diameter of 8 mm were bored into PDA 
plates, at the 2.5 cm distances around the centre of the 
plate. Then precultured (25 °C, 7 days) Fusarium culmorum 
SZMC 11039 and Rhizoctonia solani SZMC 21048 strains 
were placed in the centre of plates with agar plugs. After 
that, 100 µL of samples was applied into each hole. As 
solvent control, 10% methanol was used. Mycelial plug 
inoculated without any extracts was used as a control. 
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Antifungal activity of the samples was determined by 
the size of the inhibition zone.
Biodiversity mapping of endophytic fungi of J. communis
Calculating isolation rate and diversity index
The isolation rate of endophytic fungi was calculated as 
the total number of tissue segments infected by fungi 
divided by the total number of tissue segments incubated 
(Kumar and Hyde, 2004).
The diversity of endophytic fungi isolated from 3 
plants were evaluated using the, Shannon-Weiner Index 
(H′), Simpson’s diversity index (1-D), evenness Index ( J) 
and Margalef richness index (D mg) (Hoffman et al. 2008; 
Suryanarayanand and Kumaresan 2000; Kusari et al. 
2012). All the diversity indices were calculated plantwise 
and also tissuewise to analyse the host and tissue specific-
ity of endophytic fungi.
Statistical analysis
Statistical analyses for biodiversity calculations were 
carried out in R 3.5.2 (R core Team 2019). The diversity 
indices were calculated using the Vegan package from R 
3.5.2 (Oksanen et al. 2018). One-way analysis of variance 
(ANOVA) was carried out to test the effect of plant spe-
cies or tissue type (stem and root) on the isolation rate 
and genus richness of endophytic fungi. Post hoc Tukey’s 
Honest Significant Difference tests were performed to 
observe the significant differences among the plant spe-
cies or tissue types at P < 0.05 level.
Results
Investigation of endophytic fungi isolated from J. com-
munis
The J. communis plant parts were collected from Southern 
Hungarian areas and their endophytes were isolated and 
purified, which was followed by sequence-based molecular 
identification (Table 1). 
Altogether, 240 parts were tested involving 60 cuttings 
of leaf, stem, root and cone from 12 different plant samples 
of J. communis. A total of 75 endophytic fungi distributed 
into 3 main classes and 7 main orders were isolated from 
J. communis (Fig. 1). The isolation rates were 0.51, 0.3, 0.35 
and 0.18 for stem, leaf, root and cone, respectively. The 
predominant class was found to be Sordariomycetes, 
similarly to previous studies on Juniperus endophytes 
(Kusari et al. 2009). Most of the isolates belonged to Hy-
pocreales, while the rest of them were members of the 
taxa Pleosporales and Eurotiales (Table 1).
To characterize the biodiversity of J. communis EF, the 
Shannon diversity index (H′) Simpson’s diversity index 
(1-D), and Margalef’s richness (D mg) have been calculated. 
The Shannon-index revealed higher certainty of endo-
Figure 1. Distribution of endophytic fungi isolated from J. communis 
into classes (A) and orders (B).
Figure 2. Venn diagram showing the common and unique fungi along 
the tissues of J. communis.
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Collection code GPS coordinates Plant part Species Genbank ID of ITS
SZMC 27149 N 46°53.338' / E 019°24.483' Stem Alternaria sp. MT940776
SZMC 27150 N 46°53.340' / E 019°24.528' Stem Alternaria sp. MT940777
SZMC 27151 N 46°53.340' / E 019°24.528' Stem Alternaria sp. MT940778
SZMC 27152 N 46°53.338'  E 019°24.483' Stem Alternaria sp. MT940779
SZMC 27153 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940780
SZMC 27154 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940781
SZMC 27155 N 46°53.345'  E 019°24.501' Leaf Alternaria sp. MT940782
SZMC 27156 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940783
SZMC 27157 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940784
SZMC 27158 N 46°53.338'  E 019°24.483' Leaf Alternaria sp. MT940785
SZMC 27159 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940786
SZMC 27160 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940787
SZMC 27161 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940788
SZMC 27162 N 46°53.345'  E 019°24.501' Stem Alternaria sp. MT940789
SZMC 27163 N 46°53.338'  E 019°24.483' Stem Alternaria sp. MT940790
SZMC 27164 N 46°53.345'  E 019°24.501' Stem Aspergillus sp. MT993364
SZMC 27165 N 46°53.345'  E 019°24.501' Stem Aspergillus sp. MT993365
SZMC 27166 N 46°53.338'  E 019°24.483' Stem Aspergillus sp. MT993366
SZMC 27167 N 46°53.345'  E 019°24.501' Stem Aspergillus sp. MT993367
SZMC 27168 N 46°53.345'  E 019°24.501' Stem Aspergillus sp. MT993368
SZMC 27169 N 46°53.330'  E 019°24.478' Stem Cladosporium sp. MT993369
SZMC 27170 N 46°53.330'  E 019°24.478' Stem Cladosporium sp. MT993370
SZMC 27171 N 46°53.330'  E 019°24.478' Stem Cladosporium sp. MT993371
SZMC 27172 N 46°53.338'  E 019°24.483' Stem Cladosporium sp. MT993372
SZMC 27173 N 46°53.330'  E 019°24.478' Root Cladosporium sp. MT994503
SZMC 27174 N 46°53.330'  E 019°24.478' Stem Colletotrichum sp. MT994504
SZMC 27175 N 46°53.330'  E 019°24.478' Leaf Colletotrichum sp. MT994505
SZMC 27176 N 46°53.330'  E 019°24.478' Stem Colletotrichum sp. MT994506
SZMC 27177 N 46°53.342'  E 019°24.474' Stem Curvularia sp. MT994507
SZMC 27178 N 46°53.330'  E 019°24.478' Stem Curvularia sp. MT994508
SZMC 27179 N 46°53.330'  E 019°24.478' Stem Didymella sp. MT994509
SZMC 27180 N 46°53.338'  E 019°24.483' Stem Fusarium sp. MT994510
SZMC 27181 N 46°53.342'  E 019°24.474' Stem Fusarium sp. MT994511
SZMC 27182 N 46°53.340'  E 019°24.528' Stem Fusarium sp. MT994512
SZMC 27183 N 46°53.338'  E 019°24.483' Leaf Fusarium sp. MT994513
SZMC 27184 N 46°53.342'  E 019°24.474' Root Fusarium sp. MT982177
SZMC 27185 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982178
SZMC 27186 N 46°53.338'  E 019°24.483' Root Fusarium sp. MT982179
SZMC 27187 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982180
SZMC 27188 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982181
SZMC 27189 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982182
SZMC 27190 N 46°53.338'  E 019°24.483' Root Fusarium sp. MT982183
SZMC 27191 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982184
SZMC 27192 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982185
SZMC 27193 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982186
SZMC 27194 N 46°53.342'  E 019°24.474' Root Fusarium sp. MT982187
SZMC 27195 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982188
SZMC 27196 N 46°53.340'  E 019°24.528' Root Fusarium sp. MT982189
SZMC 27197 N 46°53.338'  E 019°24.483' Root Penicillum sp. MT982190
SZMC 27198 N 46°53.340'  E 019°24.528' Leaf Penicillum sp. MT982191
Table 1. Endophytic fungi isolated in this study.
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phytic fungal genus consistency in the stem compared 
to that of the other parts of J. communis. Moreover, the 
Simpson’s-index clearly showed that the stem harboured 
highly diverse fungal endophytes compared to those har-
boured by other plant parts. Finally, based on Margalef’s-
index the stems had high taxonomic richness, while the 
cone had the lowest compared to the other tissues of J. 
communis (Table 2.).
The stems of J. communis harboured 11 unique fungi, 
whereas 4 and 2 were found in leaf and cone samples (Fig. 
2). Interestingly, the roots of J. communis did not harbour 
any unique fungi. This shows that some genus seems to 
be tissue specific. Xylaria sp. were found only in the cone, 
while Pestalotiopsis and Bipolaris were found only in the 
leaf and stem respectively, whereas Curvularia, Aspergillus, 
Didymella and Purpureocillium sp. were specifically found 
in stems (Fig. 3). Fusarium strains were more abundant in 
roots than in other tissues.
Antimicrobial effects of fungal extracts of J. communis 
endophytes 
Gram-positive bacteria were found to be more susceptible 
to the extracted endophytic metabolites than Gram-ne-
gative ones due to the higher number of highly active 
(>90%) extracts (Fig. 4). For B. subtilis, the highest number 
of highly active extracts was recorded in the case of the 
Collection code GPS coordinates Plant part Species Genbank ID of ITS
SZMC 27199 N 46°53.342'  E 019°24.474' Leaf Penicillium sp. MT982192
SZMC 27200 N 46°53.340'  E 019°24.528' Leaf Penicillium sp. MT982193
SZMC 27201 N 46°53.338'  E 019°24.483' Leaf Penicillium sp. MT982194
SZMC 27202 N 46°53.342'  E 019°24.474' Leaf Penicillum sp. MT982195
SZMC 27203 N 46°53.340'  E 019°24.528' Leaf Penicillum sp. MT982196
SZMC 27204 N 46°53.340'  E 019°24.528' Leaf Pestalotiopsis sp. MT982197
SZMC 27205 N 46°53.340'  E 019°24.528' Leaf Pestalotiopsis sp. MT982198
SZMC 27206 N 46°53.338'  E 019°24.483' Leaf Pestalotiopsis sp. MT982199
SZMC 27207 N 46°53.340'  E 019°24.528' Leaf Bipolaris sp. MT982200
SZMC 27208 N 46°53.340'  E 019°24.528' Leaf Bipolaris sp. MT982201
SZMC 27209 N 46°53.338'  E 019°24.483' Leaf Phomopsis sp. MT982202
SZMC 27210 N 46°53.340'  E 019°24.528' Leaf Trichoderma sp. MT997192
SZMC 27211 N 46°53.342'  E 019°24.474' Leaf Trichoderma sp. MT997193
SZMC 27212 N 46°53.342'  E 019°24.474' Cone Trichoderma sp. MT997194
SZMC 27213 N 46°53.342'  E 019°24.474' Cone Trichoderma sp. MT997195
SZMC 27214 N 46°53.342'  E 019°24.474' Cone Trichoderma sp. MT997196
SZMC 27215 N 46°53.342'  E 019°24.474' Cone Trichoderma sp. MT997197
SZMC 27216 N 46°53.338'  E 019°24.483' Cone Trichoderma sp. MT997198
SZMC 27217 N 46°53.342'  E 019°24.474' Cone Trichoderma sp. MT997199
SZMC 27218 N 46°53.342'  E 019°24.474' Cone Trichoderma sp. MT997200
SZMC 27219 N 46°53.340'  E 019°24.528' Cone Trichoderma sp. MT997201
SZMC 27220 N 46°53.340'  E 019°24.528' Cone Xylaria sp. MT997202
SZMC 27221 N 46°53.338'  E 019°24.483' Cone Xylaria sp. MT997203
SZMC 27222 N 46°53.338'  E 019°24.483' Cone Xylaria sp. MT997204
SZMC 27031 N 46°53.338'  E 019°24.483' Stem Purpureocillium sp. MT997205
Table 1. Continued.
Diversity index Stem Root Leaf Cone Total
Simpson’s Dominance (D) 0.912 0.775 0.788  0.666 0.92
Shannon (H’) 2.582 1.630 1.950  1.214 2.85
Pielou’s evenness (J) 0.931 0.910 0.847  0.48 0.89
Margeref richness 4.218 1.894 3.176 1.365 5.32
Table 2. Biodiversity parameters of endophytic fungi isolated from J. communis.
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ethyl acetate extracts of ferment broth (55), while the 
lowest amount of effective extracts (19) was obtained 
from the hexane-based solvent partitions. The mycelial 
extracts proved to be the most effective against E. coli and 
P. aeruginosa, as the numbers of the active extracts were 
25 and 27, respectively. In the case of S. aureus, the highest 
number of effective extracts was obtained for the ethyl 
acetate extracts (43), followed by chloroform-partitioned 
ferment broth samples (37). It is important to highlight 
that strain SZMC 27155 was highly active against all 
bacteria, but it was not active against the tested yeasts and 
plant pathogenic fungi. The ethyl acetate and chloroform 
extracts of strains SZMC 27164 and SZMC 27031 showed 
remarkable inhibitory effects to all tested bacteria and 
the mycelial extracts of these isolates were also active 
against plant pathogenic fungi and yeasts. The Trichoderma 
isolates of this plant showed activity at least against one 
test microbe. The extracts of strain SZMC 27205 showed 
significant inhibitory activity to both Gram-positive and 
Collection code
F. culmorum R. solani
HEX CLF EtOAc C:M HEX CLF EtOAc C:M
SZMC 27198 - - - - - - - +
SZMC 27206 - - - + - - ++ -
SZMC 27209 - - - + - - - -
SZMC 27210 - - - - - - - +
SZMC 27211 - - - - - - - +
SZMC 27212 - - - + - - - +++
SZMC 27213 - - - - - - - +
SZMC 27214 - - - - - - + -
SZMC 27215 - - - - - - + ++
SZMC 27216 - - - - - - - +
SZMC 27218 - - - - - - - +++
Table 3. List of the endophytic fungi extracts showing inhibitory activities to plant pathogenic fungi (HEX – hexane; CLF – chloroform; C:M - chlo-
roform: methanol (4:1) extract of mycelia; EtOAc – Ethyl acetate).
Figure 3. Distribution of endophytic fungi of J. communis at the genus 
level.
Figure 4. Summary of the antibacterial effects of endophytic extracts 
isolated from J. communis (C:M - chloroform:methanol (4:1, V/V) extract 
of mycelia).
Fig. 5. Summary of the antifungal effects of endophytic extracts iso-
lated from J. communis (C:M - chloroform:methanol (4:1, V/V) extract 
of mycelia).
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Gram-negative bacteria. With respect to taxa, Fusarium, 
Pestalotiopsis, Trichoderma, Aspergillus and Purpureocillium 
strains showed high bioactivities and will be suitable for 
further investigations.
Altogether, 27 extracts showed inhibitory effects to 
yeasts, which is over 90% (Fig. 5). Interestingly, both the 
chloroform extract of the ferment broth and the mycelial 
extracts inhibited C. albicans, while C. krusei was mainly 
susceptible to the ethyl acetate extract of the ferment 
broth and to the mycelial extracts.
Previous works showed that the endophytic fungi 
of J. communis were excellent sources of antimicrobial 
compounds (Gherbawy and Elhariry 2016). In our study 
at least one solvent partition of 58 isolates was active 
against B. subtilis, S. aureus and C. albicans. However, only 
a few extracts, particularly the mycelial extracts were 
found to be active against the tested filamentous fungi 
(Table 3). Specifically, mycelial extracts of Trichoderma 
and Purpureocillium strains were active against both of the 
tested fungi. F. culmorum was found to be more resistant 
than R. solani.
Discussion
Endophytic fungi are highly diverse, and their investiga-
tion is very important from different plants to understand 
the biodiversity and structure of the endophytic fungal 
community, which mostly depends on the plant physi-
ology, biogeographical factors and their interplay with 
other pathogenic microorganisms associated with their 
host plant (Arnold et al. 2007). Only a few studies have 
been carried out to study the endophytic fungal commu-
nities in Hungary (Knapp et al. 2012). Therefore, in the 
present work, 75 endophytic strains were isolated from 
J. communis from the Southern part of Hungary and the 
antimicrobial activities of their metabolites evaluated. 
In our study, the culture-dependent method was 
followed for the molecular identification of fungal iso-
lates. Based on ITS sequence analysis, the isolates were 
characterized into 7 orders of 3 classes. All the isolated 
fungi belonged to Ascomycota, which includes the classes 
Dothideomycetes, Sordariomycetes and Eurotiomycetes. 
Sordariomycetes was the dominant class (52%) followed 
by Dothideomycetes (32%) and Eurotiomycetes (16%). 
Such dominance of Sordariomycetes as endophytes has 
also been reported from several plants, e.g., Phragmites 
(Sim et al. 2018) and lichens (U’Ren et al. 2016) indicat-
ing that Sordariomycetes are ubiquitous among the plant 
kingdom. Totally, 14 genera (Alternaria, Aspergillus, Bipo-
laris, Cladosporium, Colletotrichum, Curvularia, Didymella, 
Fusarium, Penicillium, Pestalotiopsis, Phomopsis, Purpureocil-
lium, Trichoderma and Xylaria) were identified (Table 1), 
where the relative abundances of Fusarium, Alternaria and 
Trichoderma were the highest (Fig. 3). The isolation rates 
of endophytic fungi were found to be the highest from 
stem followed by leaf, similarly to the results of previous 
studies on J. communis endophytes (Gherbawy and Elhariry 
2016), whereas similar studies in other plants showed 
higher isolation rate values from the leaf compared to 
stems (Alurappa and Chowdappa 2018).
One of the most important properties of endophytic 
fungi is that they produce a wide variety of compounds 
that protect the plants from plant pathogens (Tan and 
Zou 2001; Strobel and Daisy 2003). In our cases, a total of 
58 isolates (77%) showed antibacterial activity against at 
least one test microrganism. Altogether, 16% of the isolates 
had antibacterial effects with wide spectrum. Five strains 
showed remarkably high inhibitory values (>90%) to all 
the tested strains. Furthermore, regarding the antifungal 
activity, 43 and 31extracts were active against C. albicans, 
and C. krusei, respectively, while 3 and 11 showed inhibi-
tory effects against F. culmorum and R. solani. 
Future examinations could reveal the chemical nature 
of the active metabolites and their potential for practical 
(e.g., pharmaceutical, argricultural) applications.
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Petroleum is the key source of energy for the consump-
tion of automobiles. Above and beyond the adverse 
global warming effect of fossil fuels, unpredictable oil 
price and political instability in the oil trading nations 
ensured a substantial rise in world-wide attention for 
alternate fuels. Both developed and industrialized coun-
tries consider biofuels such as ethanol and hydrogen as 
appropriate sources for the reason of energy security. 
Ethanol is one of the finest fluid alternatives of fossil 
fuel and has emerged as a promising energy substitute 
(Busic et al. 2018). Meanwhile, it is also reported that 
the plant biomass containing starch and sugar can be 
easily fermented to produce alcohol; however, the rate 
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The sweet potato root, a potent source of starch which is being consid-
ered as an effi  cient alternative for fuel ethanol production in recent times. The starchy 
substrate needs to be subsequently dextrinized and saccharifi ed so as to enhance 
the utilization of its carbohydrates for ethanol production. In the present investiga-
tion, acid-enzyme process was conducted for the dextrinization and saccharifi cation 
of sweet potato root fl our (SPRF). The best optimized condition for dextrinization was 
achieved with an incubation period of 60 min, temperature 100 ºC and 1M HCl. How-
ever, for saccharifi cation, the best result was obtained with an incubation of 18 h, pH 
4, temperature 65 ºC and 1000 U concentration of Palkodex®. After the dextrinization 
process, maximum concentrations of total sugar and hydroxymethylfurfural (HMF) 
[380.44 ± 3.17 g/kg and 13.28 ± 0.25 mg/g, respectively] were released. Nevertheless, 
after saccharifi cation, 658.80 ± 7.83 g/kg of total sugar was obtained which was about 
73% more than that of dextrinization. After successful dextrinization and saccharifi ca-
tion, the structural, chemical and elemental analysis were investigated using techniques 
such as scanning electron microscopy (SEM), Fourier-transforms infrared spectroscopy 
(FTIR) and energy-dispersive X-ray fl uorescence spectrophotometer (EDXRF), respectively. 
Eff ective hydrolysis was demonstrated in thin layer chromatography (TLC) where the 
HCl was able to generate monomeric sugar such as glucose and maltose. On the other 
hand, only glucose is synthesized on the mutual eff ect of HCl and Palkodex®. The SEM 
fi ndings indicate that the rough structure of both dextrinized and saccharifi ed sample 
was gained due to the vigorous eff ect of both acid and enzyme subsequently. The 
saccharifi ed SPRF when subjected to fermentation with Saccharomyces cerevisiae and 
Zymomonas mobilis separately, it was observed that Z. mobilis produced more stretching 
vibration of –OH than S. cerevisiae, which evidenced the better production of bioethanol. 
Additionally, evaluation of the infl uence of S. cerevisiae and Z. mobilis through elemental 
analysis revealed upsurge in the concentrations of S, Cl, Ca, Mn, Fe and Zn and decline in 
the concentrations of P, K and Cu in the fermented residue of S. cerevisiae and Z. mobilis, 
however, Z. mobilis showed little more variation than that of S. cerevisiae.

























of production depends upon feedstock availability (Li-
imatainen et al. 2004; Abidin et al. 2014). Bioethanol is 
manufactured by fermenting sugar with microorgan-
isms, in contrast to synthetically formed ethanol from 
petrochemical bases. It is produced by distilling the 
fermented sugars, which can be used as fuel in inner 
combustion engines, either neat or blended with petrol 
(Walker 2010). A study on bioethanol production in 2018 
has revealed that the worldwide leaders in bioethanol 
production are USA with a production of about 16.06 
billion gallons (primarily from maize and wheat) and 
Brazil, 7.92 billion gallons (from sugarcane), which 
accounts for approximately 84% of the total global 
ethanol (CSS 2019). Asia held the fourth position in 
the biosphere for ethanol production while China is 
the largest producer of ethanol in Asia, with an overall 
alcohol making of nearly 9.770 million liters in 2018 
(Patni et al. 2011; USDA FAS 2018). Amongst all the 
Asian countries, India is having an optimistic viewpoint 
towards renewable energy technologies and is dedicated 
for the usage of renewable resources. In Asia, India is 
ranked as the second largest manufacturer of ethanol, 
with a yearly production of 2400 million liters in the 
year 2018 (USDA FAS 2019). In recent times, production 
of biofuel from tuber crops has been considered for 
experimental studies due to their high starch content. 
In India, as compared to yam and other tuber crops, 
cassava and sweet potato are being considered as the 
main tuber crops which are cultivated throughout all 
agro-climatic regions. However, no such exploitation 
is made for scale-up production of bioethanol by effec-
tive implication of sweet potatoes while they are rich 
in starch particles, the best source of carbohydrates 
for fermentable microorganisms (Lareo et al. 2013; 
Thatoi et al. 2014).
Currently, the degradation of carbohydrates from 
natural starch is a big challenge for the investigators 
as this process needs some tricky concepts for the 
development of simplified form of sugar that can be 
easily utilised by the microorganism. However, the 
high cost of the primary investment, involvement of 
enzymes, requirement of trained man-power and so-
phisticated laboratories are the limiting factors for the 
practice of process development (Surmely et al. 2004; 
Satapathy et al. 2020). The process of acid hydrolysis 
has several important advantages such as fast reaction 
rate, simple pre-treatment for starch feedstock, a cheap 
and easily available acid catalyst and a relatively low 
reaction temperature with high acid concentration. 
Inhibitor such as 5-HMF (5-hydroxymethylfurfural) 
is formed during the reaction of glucose dehydration 
but the optimization process in terms of temperature, 
concentration of acid, level of starch and duration of 
hydrolysis time may overcome this (Bharti and Chauhan 
2016). The production of ethanol not only depends on 
the liquefaction process but also reliably manages as 
per the nature of the saccharified starch products. For 
this, a convenient way of enzyme implementation is 
to simplify the carbohydrates. However, the process 
of optimization of various starch molecules is a criti-
cal factor. The enzyme glucoamylase which is being 
used on industrial scale is very sensitive and effective 
for saccharification due to its efficiency of changing 
the functional properties, viscosity and gelatiniza-
tion of starch (Cripwell et al. 2019; Strąk-Graczyk 
and Balcerek 2020). Afterward, ethanol is produced 
by fermentation of hydrolyzed sugar with the help of 
desired microorganisms like Zymomonas mobilis, Sac-
charomyces cerevisiae, Saccharomyces uvarum, Candida 
tropicalis, Candida shehatae, Pichia stipites and Clostridium 
species, etc. However, the yeast, S. cerevisiae as well as 
facultative bacterium, Z. mobilis are very promising 
contenders for the production of alcohol (Delgenes et 
al. 1996; Yang et al. 2016). 
Sweet potato (Ipomoea batatas L.) which belongs to 
the family Convolvulaceae is ranked fifth as an essential 
food crop in developing countries on a fresh weight 
basis after wheat, rice, cassava and corn (Srinivas 
2009). As a starch rich (18-30%) crop and due to its 
cheaper value and high biomass, it is widely accessed 
as a substitute of feedstock for grain and also acts as 
sugar substrate for fuel ethanol production (Qiu et al. 
2010). The roots of this herbaceous perennial type of 
plant species are available throughout all the seasons 
and having some distinguished characteristics like 
high multiplication rate, low degeneration rate of the 
propagule, short life cycle, low illness and plague, and 
protect from erosive rains and drought stress (Lareo et 
al. 2013). Emphasizing on the food value of the sweet 
potato, the Center for Science in the Public Interest, 
USA ranked it as ‘healthiest of all vegetables’ due to 
presence of high value of dietary fiber, protein, vita-
mins A and C, complex carbohydrates, low levels of 
saturated fat, and essential elements like potassium, 
iron, calcium and sodium (Shao et al. 2017). Therefore, 
the present study is designed to investigate the impact 
of the hydrolysis process (at structural, chemical and 
elemental levels) through implementation of acid dex-
trinization and enzymatic saccharification on sweet 
potato root starch. This study may act as a baseline 
report for selecting and comparing the cost-effective 






The sweet potato root flour (SPRF; used as substrate) and 
implemented microorganisms like S. cerevisiae MTCC 170 
and Z. mobilis MTCC 92 used in the present study were 
obtained and processed as per our previously published 
paper ( Jagatee et al. 2020). 
Dextrinization and saccharification of sweet potato
SPRF diluted with distilled water (1:20) was separately 
treated with sulphuric acid, hydrochloric acid and perchloric 
acid and further screened for its dextrinization effects. For 
which, the freshly prepared slurry (5 g of SPRF in 100 ml of 
distilled water) was hydrolyzed with 1 ml of each acid hav-
ing 1 M concentration at 100 °C for 60 min. The obtained 
hydrolysate was cooled and neutralized as per the methods of 
Koti et al. (2016). The total sugar content was measured using 
the anthrone reagent method (Hodge and Hofreiter 1962) 
and the reducing sugar was estimated by using alkaline 
copper and arsenomolybdate (Somogyi 1952). According 
to efficiency, further optimization of total sugar and HMF 
content (following the method of White 1979) was carried 
out by taking hydrochloric acid. To improve the dextrin-
ization process, various parameters like temperature (80, 
85, 90, 95, 100, 105, and 110 °C), incubation time (15, 30, 
45, 60, 75, and 90 min), concentration (0.5, 1.0, 1.5, and 
2.0 M of HCl) and volume (0.25, 0.5, 1.0, 1.5, and 2.0 ml 
of HCl) were tried and analyzed. After optimizing the 
dextrinization, saccharification process was carried out 
by taking Palkodex® (M/s Maps Enzymes, Ahmadabad, 
India) a glucoamylase enzyme that competently acts on 
starch and releases monomeric sugar compounds. To opti-
mize the saccharification, a set of different temperatures 
(50, 55, 60, 65, and 70 °C), pH (3.5, 4.0, 4.5, 5.0, and 5.5), 
incubation time (1, 2, 4, 6, 8, 12, 18, and 24 h), enzyme 
volume (25, 50, 100, 150, 200, 250, and 300 µl) and enzyme 
concentration (125, 250, 500, 750, 1000, 1250, and 1500 
U) respectively were tried with dextrinized SPRF. The 
dextrinized and saccharified samples were then collected 
and stored at -20 °C until further investigation.
Sugar analysis using TLC 
To evaluate various fermentable sugar from dextrinized 
and saccharified sweet potato samples, TLC was per-
formed by preparing 0.25 mm thick silica gel plates (20 
× 20 cm in size). The dextrinized and saccharified sweet 
potato slurry was melded with water (1:5) in order to avoid 
the bulkiness of viscous mash. Separation of sugar was 
done with the help of butanol, ethanol and water with a 
ratio of 5:3:2 (v/v), respectively. The spots were developed 
by the application of 0.2% orcinol mixed with methanol: 
sulphuric acid (9:1; v/v) followed by incubation at 60 
°C for about 2 h (Aquino et al. 2003). The glucose and 
maltose (1% each) were applied to develop the spot and 
were considered as standards.
Morphological analysis under SEM
The alteration in morphological appearance of SPRF 
(before and after dextrinization as well as saccharifica-
tion) was observed under SEM (FEI Quanta 250, USA). 
The specimens were fixed on an aluminum stub with 
carbon tape on each side and the surface morphology 
was analyzed with a setup of accelerating voltage 10-15 
kV ( Jagatee et al. 2020).
Preparation of fermentation medium
For the preparation of 1 l of the medium, 50 g of sac-
charified SPRF was initially diluted with 500 ml of 
distilled water, supplemented with 2% (NH4)2SO4 and 
10% inoculums of S. cerevisiae was allowed to incubate for 
48-120 h at 30 °C with pH 5.0. Similarly, for Z. mobilis, 
the fermentation was processed by taking the same 2% 
(NH4)2 SO4 and 10% inoculum but incubated at 35 °C for 
48-120 h at pH 5.5. To carry out the whole fermentation 
process, individual set up for S. cerevisiae and Z. mobilis 
were established under separate stationary conditions.
FTIR spectroscopy analysis
The fermented sample of saccharified SPRF was diluted 
with hexane and scanned in FTIR spectrophotometer 
(Nicolet iS5 spectrometer, Thermo-Fisher, Chicago, USA). 
With a resolution of 1.0 cm-1, the spectra were processed 
through a scanning range of 1500-1800 cm-1 and 3000-
3700 cm-1 and the compounds were quantified by using 
OMNIC software (Thermo Fisher, Chicago, USA). Hexane 
was used as a control for generating the data.
Elemental analysis using EDXRF spectrometer
Elemental profiling of both the saccharified and sac-
charified fermented SPRF was estimated using EDXRF 
spectrometer ( Jordan Valley Ex-3600 EDXRF). The oven 
dried samples (150 mg/each pellet) were pressed to make 
the pellets with the help of table-top pelletizer (pressure: 
100-110 kg/cm2 for 5 min). The EDXRF instrument con-
sisting of Rh anode X-ray tube (voltage 50 kV, current 1 
mA) radiates signature X-rays for each element (Na-U) 
upon bombardment of X-rays on the samples. The el-
emental concentration is measured as the intensity of 
characteristic X-rays. The measurements were carried 
out in a vacuum condition and different filters were used 
(between the source and sample) for optimum identifica-
tion of various elements. For detecting the P, S, Cl, K and 
Ca, no filter was used but a voltage of 6 kV and a current 
of 200 µA were applied, whereas for Mn, Fe, Cu and Zn, 
a 0.05 mm thick Ti filter was used with an applied voltage 
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of 14 kV and a current of 900 µA. The resulted X-ray fluo-
rescence were detected by Si (Li) semiconductor detector 
(resolution 150 eV at 5.9 keV) and the quantification of 
the spectra was done by the in-built EX-WIN software 
(Rout et al. 2017).
Results
Screening of various acids for dextrinization of SPRF 
The SPRF was initially treated with three significant acids 
such as sulphuric acid, hydrochloric acid and perchloric 
acid to release simple form of sugar, and the results are 
represented in Table 1. Among all treated acids, it was 
observed that the hydrochloric acid performed better 
dextrinization process as the concentration of total sugar 
(340.63 ± 3.87 g/kg) and reducing sugar (197.80 ± 3.22 
g/kg) was yielded which is significantly improved than 
that of the control (326.14 ± 3.87 and 190.91 ± 2.41 g/kg 
of total and reducing sugar, respectively). 
Standardization of the optimum conditions for acid 
dextrinization and enzyme saccharification 
To obtain the non-reducing ends of starch molecule, hy-
drochloric acid and Palkodex® (glucoamylase) were used 
in the present experiment for evaluating the hydrolysing 
properties of SPRF. After initial screening, HCl was ap-
plied for better optimization of dextrinization process 
by interchanging different parameters like temperature, 
incubation time, concentration and volume of HCl. The 
results of HMF and total sugar content indicate the im-
proved liquefying characteristic of SPRF, which facilitate 
the hydrolysis of complex carbohydrates. The environ-
mental condition comprising of incubation time of 60 
min, temperature of 100 °C, 1 M concentration of 1 ml 
HCl was found to be more suitable for better yielding of 
total sugar (380.44 ± 3.17 g/kg), which is comparatively 
better (16%) than that of the control one (326.14 ± 3.87 g/
kg). Although, a significant variation in concentration of 
HMF (ranges from 2.74 ± 0.56 to 15.39 ± 0.23 mg/kg) was 
detected but in an optimum condition of dextrinization, 
13.28 ± 0.25 mg/kg of HMF was achieved (Table 2). In 
case of saccharification, the efficiency of starch degrading 
glucoamylase enzyme (Palkodex®) was assessed by con-
sidering a different set of parameters like pH, temperature, 
incubation period, enzyme concentration and volume 
for releasing of monomeric sugar compounds. The best 
ideal condition for saccharification was noticed at pH 4.0, 
temperature 60 °C, incubation period of 18 h and 1000 U 
(200 μl) of enzyme. Under this condition more amount of 
total sugar (658.80 ± 7.83 g/kg) was released as compared 
to the optimized condition of dextrinized process (380.44 
Acid Total sugar (g/kg) Reducing sugar (g/kg)
Control (as per normal procedure) 326.14 ± 3.87 190.91 ± 2.41
Sulphuric acid 298.42 ± 3.77 183.26 ± 1.78
Hydrochloric acid 340.63 ± 3.87 197.80 ± 3.22
Perchloric acid 201.28 ± 2.43 144.64 ± 2.04
Table 1. Screening of acids for dextrinization of sweet potato root flour (SPRF).
Figure 1. TLC chromatogram of untreated and treated SPRF. A: stan-
dard maltose; B: dextrinized SPRF; C: saccharified SPRF; D: standard 
glucose. The normal arrow and arrow with asterisk mark indicate 
maltose and glucose, respectively.
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± 3.17 g/kg), and the increase is 73% (Tables 2,3).
TLC results of dextrinized and saccharified SPRF
For transformation of complex sugar into a simple form, 
HCl and glucoamylase were applied to carry out the dex-
trinization and saccharification process. TLC analysis 
revealed two fermentable sugars from dextrinized and 
saccharified sweet potato with maltose and glucose as 
standards (Fig. 1). The presence of both maltose (as com-
pared with standard maltose) and glucose (as compared 
with standard glucose) was confirmed from the developed 
spot of acid hydrolyzed SPRF whereas, only glucose was 
detected from samples of saccharified SPRF. These re-
sults advocate that maltose and/or glucose are the main 
fermentable sugar components of sweet potato. 
SEM analysis of dextrinized and saccharified SPRF
Certain acids and/or enzymes act upon the complex starch 
through which the complex structure breaks down into 
simple forms and can be noticeable under microscopic observa-
tion. A remarkable structural difference was witnessed 
among raw, dextrinized and saccharified SPRF samples 
when studied under SEM. An even granule surface of 
SPRF starch appeared in the untreated samples whereas 
both the dextrinized and saccharified SPRF samples 
exhibited an uneven surface of starch granules, indicat-
ing the breakdown of starch due to the vigorous action 
of HCl and glucoamylase. However, in comparison to the 
dextrinized sample, the saccharified sample has produced 
significant structural changes which indicate active involve-
ment of both HCl and glucoamylase (Fig. 2).
FTIR spectra results of saccharified fermented SPRF
Two ethanologenic organisms, S. cerevisiae and Z. mobilis 
were subjected to ethanol production with the application 
of saccharified products. By maintaining the optimized 
fermentation condition i.e. incubation for 96 h at 30 °C 
and pH 5.0 (for S. cerevisiae) and incubation for 96 h at 35 
°C and pH 5.5 (for Z. mobilis), the maximum production 
of ethanol [data not given] was separately standardised 
for both the microorganisms. To characterise the varia-
tion in functional group among the fermented samples, 
fermented SPRF samples were evaluated through FTIR 
spectroscopy. Significant variation of spectra was observed 
with respect to change of the functional components 
which also differed with the involvement of microorgan-
isms tested (Fig. 3). The saccharified SPRF fermented 
with S. cerevisiae exhibited numerous significant peaks 
with respect to their specific functional groups such as 
1512.26 cm-1 (N-O), 1676.12 cm-1 (C-N), 1716.11 cm-1 a nd 
1772.28 cm-1 (C-O) due to variant compound develop-
ment. Further, a varied range of band peaks between 
3234.10 cm-1 to 3614.72 cm-1 were noticed due to bending 
of the O-H group (Fig. 3a,b). Similarly, due to N-O, C-C 
and C-O stretching, the saccharified SPRF fermented 
with Z. mobilis present a diverse range of peaks at 1530.17 
cm-1, 1641.78 cm-1, 1646.69 cm-1 and 1783.57cm-1. The 
absorption bands between 3263.37 cm-1 to 3608.95 cm-1 
when taken into consideration for Z. mobilis fermented 
samples, contributed several peaks which is attributed to 
the stretching vibrations of -OH and water molecules (Fig. 
3c,d). Such observations indicate the smooth conversion 
of ethanol by interchanging the functional complexity 
of starch of SPRF.
EDXRF results of saccharified fermented residues of 
SPRF 
Elemental constituents of saccharified (control) and sac-
charified fermented SPRF residues were assessed to find 
out the differential impact of S. cerevisiae and Z. mobilis 
on substrate simplification during fermentation. Essential 
elements like potassium (K), sulphur (S), chlorine (Cl), 
calcium (Ca), manganese (Mn), iron (Fe), zinc (Zn), copper 
Figure 2. Scanning electron micrograph of untreated and treated SPRF. A: untreated SPRF; B: dextrinized SPRF; C: saccharified SPRF.
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(Cu) and phosphorus (P) were measured by using EDXRF 
spectrometer and the obtained results are presented in 
Table 4. It was observed that the acid-enzyme saccharified 
SPRF contains both macro and micronutrients such as P, 
S, Cl, K, Ca, Mn, Fe, Zn and Cu (2.12 ± 0.04, 0.75 ± 0.01, 
3.37 ± 0.12,14.21 ± 0.36, 2.21 ± 0.04, 0.02 ± 0.003, 0.33 ± 
0.001, 0.01 ± 0.002 and 0.03 ± 0.001 mg/g, respectively). 
However, a significant alteration of elemental constitution 
is noticed from both the fermented residues of S. cerevisiae 
and Z. mobilis. When the saccharified SPRF was utilized 
by S. cerevisiae, concentration of elements like P, K and Cu 
decreased to 1.80 ± 0.03, 13.14 ± 0.08 and 0.01 ± 0.003 
mg/g whereas the concentration of S, Cl, Ca, Mn, Fe and 
Zn increased to 2.14 ± 0.28, 4.70 ± 0.07, 3.02 ± 0.02, 0.04 
± 0.005, 0.40 ± 0.01 and 0.16 ± 0.01 mg/g, respectively, 
after fermentation. Similar trends were also observed with 
respect to Z. mobilis, i.e. the concentration of P, K and Cu 
was slightly declined to 1.77 ± 0.02, 12.48 ± 0.10 and 0.01 
± 0.003 mg/g as compared to control. The increasing trend 
of S, Cl, Ca, Mn, Fe and Zn to 1.84 ± 0.03, 4.32 ± 0.10, 3.12 
± 0.03, 0.05 ± 0.001, 0.58 ± 0.004 and 0.17 ± 0.001 mg/g, 
respectively, as compared to control was also detected. 
However, the rate of decrease in concentration for all most 
all the elements was preferably higher in the fermented 
residues of Z. mobilis with respect to S. cerevisiae (Table 4).
Discussion
Acid-enzyme hydrolysis optimization
The SPRF slurry when exploited with acids for the liq-
uefaction, yielded release of reducing sugar due to the 
cleavage of α and β glycosidic bonds. A comparative 
analysis of the liquefaction with different acids indicated 
greater release of reducing sugar with HCl than other 
acids (Putri and Rizaldi 2010). Similarly, Putri et al. (2012) 
Figure 3. FTIR analysis of saccharified SPRF fermented with S. cerevisiae (A, B) and Z. mobilis (C, D). A: between 1500-1800 cm-1 spectral range 
of S. cerevisiae; B: between 3000-3700 cm-1 spectral range of S. cerevisiae. C: between 1500-1800 cm-1 spectral range of Z. mobilis; D: between 
3000-3700 cm-1 spectral range of Z. mobilis.
Jagatee et al.
144
also detected the reducing sugar from the sweet potato 
by implementing HCl, however a combination of HCl 
and Aspergillus niger has improved the properties of sugar 
synthesis. Additionally, Bharti and Chauhan (2016) and 
Azhar et al. (2017) stated that starch when hydrolyzed with 
a combination of acids resulted the release of compounds 
like HMF and 2-furaldehyde indicating a better dextrin-
ization process. These furan derivatives pose a hindrance 
to ethanol production by inhibiting cell growth, so the 
production of HMF needs to be examined very carefully 
during the optimization process. In the present investi-
gation, a significant upturn in the level of total soluble 
sugar along with HMF was obtained from the slurry of 
SPRF, through optimization of suitable environmental 
parameters involving temperature, incubation period and 
concentration of HCl. Temperature higher than 100 °C 
showed a momentous increase in HMF with minimum 
variation in the level of total sugar (Table 2). Kim and 
Hamdy (1985) have also observed increase in 5-HMF 
concentration at temperature above 100 °C, which on 
reaching the critical point inhibits the alcoholic fermenta-
tion. Increase in incubation period resulted an enhanced 
total sugar production till 60 minutes, after which the 
sugar level remained constant. This can be due to the 
polymerization of simple monosaccharides into polysac-
charides. Whereas, optimizing the acid concentration, no 
such variation in total sugar and HMF was observed, and 
a higher level of sugar value at 1M concentration of HCl 
was detected in comparison to that of other strengths of 
HCl. Under acid hydrolysis, starch molecules randomly 
break down into simple sugar by dislocating the hydrogen 
bonds between starch chains, altering it to an entirely 
amorphous state, thereby developing a homogenous ge-
latinous substance ( Judoamidjojo et al. 1992). However, 
during acid hydrolysis, starch usually breaks down into 
glucose and maltose and the ethanologenic organisms 
like Z. mobilis and S. cerevisiae cannot efficiently utilize 
the maltose as a substrate. Therefore, the acid hydrolyzed 
SPRF product needs to be carried out for the conver-
sion of simple sugars with the application of moderately 
thermostable glucoamylase enzyme. Saccharification 
of starch with the help of glucoamylase enzyme is well 
Concentration of HCl (M) Volume (ml) Temperature (°C) Incubation period (min) HMF (mg/kg) Total sugar (g/kg)
Effect of temperature
1.0 1.0 80 30 4.25 ± 0.17 295.21 ± 2.48
1.0 1.0 85 30 5.44 ± 0.19 310.34 ± 3.59
1.0 1.0 90 30 6.78 ± 0.20 328.45 ± 2.61
1.0 1.0 95 30 7.27 ± 0.26 340.26 ± 3.74
1.0 1.0 100 30 9.16 ± 0.29 354.15 ± 2.78
1.0 1.0 105 30 7.94 ± 0.28 348.73 ± 2.98
1.0 1.0 110 30 7.96 ± 0.28 347.64 ± 3.76
Effect of incubation time
1.0 1.0 100 15 6.44 ± 0.12 334.23 ± 2.63
1.0 1.0 100 30 9.34 ± 0.14 354.14 ± 2.78
1.0 1.0 100 45 11.88 ± 0.17 371.42 ± 3.91
1.0 1.0 100 60 13.17 ± 0.27 380.14 ± 2.92
1.0 1.0 100 75 15.39 ± 0.23 380.31 ± 2.96
1.0 1.0 100 90 15.35 ± 0.29 380.40 ± 3.07
Effect of concentration
0.5 1.0 100 60 7.92 ± 0.24 349.10 ± 3.18
1.0 1.0 100 60 13.28 ± 0.43 380.25 ± 2.94
1.5 1.0 100 60 13.28 ± 0.45 373.18 ± 2.91
2.0 1.0 100 60 13.28 ± 0.33 370.32 ± 3.09
Effect of volume
1.0 0.25 100 60 2.74 ± 0.56 198.98 ± 2.19
1.0 0.5 100 60 3.53 ± 0.18 253.47 ± 2.34
1.0 1.0 100 60 13.28 ± 0.25 380.44 ± 3.17
1.0 1.5 100 60 13.29 ± 0.42 378.95 ± 2.97
1.0 2.0 100 60 13.39 ± 0.28 380.13 ± 3.10
Table 2. Effect of temperature, incubation period, concentration and volume of HCl on acid hydrolysis (dextrinization) of sweet potato root 
flour (SPRF).
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known for the development of glucose as its end product 
catalysing the α-(1-4) and α-(1-6) glycosidic linkages from 
the non-reducing terminus of starch molecule (Riaz et al. 
2012). The potent application of glucoamylase from vari-
ous sources have also been applied for the simplification 
of various carbohydrates where the rate of conversion is 
varied as per the nature of applied starches like raw starch 
(Cripwell et al. 2019), maize starch (Li et al. 2018), cassava 
starch (Pervez et al. 2014) rye starch (Strąk-Graczyk and 
Balcerek 2020) and raw flours starch (Xu et al. 2016).
Hydrolysis product analysis through TLC
Both the process of dextrinization and saccharification 
split into sugar consisting of reducing form the slurry form 
of SPRF starch. TLC analysis of the hydrolysis product 
confirmed the presence of maltose and glucose as the 
end products of the process. Particularly the treatment 
with acid is able to enhance the porosity of starch and 
then modify the granules, but this property may inter-
act with the solubility and thermal properties of starch 
through which the starchy environment may generate 
some low weigh molecular product by rupturing some 
hydrogen bonds (Ulbrich et al. 2019; Vargas-León et al. 
2019). Further, the combined treatment with enzymes 
like glucoamylase and HCl which is very common for the 
saccharification process was noted to simplify the sugar 
products. The release of glucose molecules from the slurry 
of acid treated SPRF typically depends on several factors 
like pH, temperature, incubation period, enzyme concen-
tration and the maximum glucose is formed through break 
down of α-(1-4) and α-(1-6) chemical bonds (Riaz et al. 
2012; Lincoln et al. 2019; Strąk-Graczyk and Balcerek 
2020). Moreover, the glucoamylase-maltose complex 
(maltose first produced after acid hydrolysis) also insists 
on the rate of formation of glucose with interacting the 
non-reducing end side of the substrate (Chiba 1997; 
Salimi et al. 2019). 
Enzyme volume (µl) Enzyme concentration (U) pH Temperature (°C) Incubation period (h) Total sugar (g/kg)
Effect of pH
50 250 3.5 65 1 500.22 ± 6.31
50 250 4.0 65 1 515.14 ± 6.46
50 250 4.5 65 1 478.23 ± 7.35
50 250 5.0 65 1 451.54 ± 6.29
50 250 5.5 65 1 449.39 ± 5.92
Effect of temperature
50 250 4.0 50 1 430.63 ± 5.28
50 250 4.0 55 1 478.58 ± 6.22
50 250 4.0 60 1 527.88 ± 4.33
50 250 4.0 65 1 515.12 ± 6.14
50 250 4.0 70 1 485.24 ± 6.08
Effect of incubation time
50 250 4.0 60 1 527.90 ± 7.11
50 250 4.0 60 2 547.57 ± 6.19
50 250 4.0 60 4 557.26 ± 5.07
50 250 4.0 60 6 568.53 ± 6.13
50 250 4.0 60 8 580.91 ± 6.24
50 250 4.0 60 12 594.52 ± 7.10
50 250 4.0 60 18 611.46 ± 7.32
50 250 4.0 60 24 608.62 ± 6.26
Effect of enzyme concentration
25 125 4.0 60 18 581.63 ± 6.34
50 250 4.0 60 18 611.42 ± 7.12
100 500 4.0 60 18 628.15 ± 7.34
150 750 4.0 60 18 642.36 ± 6.65
200 1000 4.0 60 18 658.80 ± 7.83
250 1250 4.0 60 18 648.49 ± 8.04
300 1500 4.0 60 18 647.94 ± 7.93
Table 3. Effect of pH, temperature, incubation period, enzyme concentration on saccharification of sweet potato root flour (SPRF).
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Structural property of treated SPRF
The structural changes of SPRF starch obtained from the 
hydrolysis due to the combination of acid and enzyme are 
clearly viewed through scanning electron micrography. 
The structural appearance of starch granules with an 
irregular matrix as evidenced through SEM is a good 
indication of hydrolysis due to the simultaneous action 
of acid and enzyme. The action of hydrolysis by HCl alone 
(dextrinization) indicates starch degradation from roots 
of sweet potato due to its emulsification activity (Babu et 
al. 2015). The dextrinized sample then allowed for sac-
charification, in which glucoamylase is used for further 
hydrolysis to produce glucose. The glucoamylase consists 
of a catalytic domain associated with a starch-binding 
molecule linked with O-glycosylated linker region that 
vigorously acts upon the partly treated starch molecules 
to release monomeric form of sugar and resulted in the 
formation of rough surface of the substrate as compared 
to the dextrinized sample (Sauer et al. 2000; Betiku et al. 
2013). A similar kind of experiment was also conducted 
to digest the complex starch molecules by the action of 
acids and some significant starch hydrolyzing enzymes 
(Zhang et al. 2010; de Souza et al. 2019; Strąk-Graczyk 
and Balcerek 2020).
Functional property of saccharified fermented SPRF
The efficacy of sweet potato as a substrate for the pro-
duction of ethanol and the differences in the starch 
biodegradation involving both S. cerevisiae and Z. mobilis 
fermented SPRF were examined through FTIR analysis 
within the spectral range of 1500-1800 and 3000-3700 
cm1. Between the spectral range of 900-1200 cm-1, no 
absorbance peak was detected from both the fermented 
microorganisms which indicated the utilization of resulted 
carbohydrates (Vodnar et al. 2010; Warren et al. 2016; 
Jagatee et al. 2020). However in the spectral range of 1500-
1800 cm-1, both S. cerevisiae and Z. mobilis fermented SPRF 
pronounced shifting of peak position corresponding the 
various functional groups which revealed the formation 
of aromatic C-C stretching, carbonyl C-O stretching, 
alkene C-C stretching, esters functional groups. Such 
stretching may be attributed to lipids and fatty acids with 
C-O stretching (Nandiyanto et al. 2019). Moreover, in the 
spectral range of 3000-3700 cm-1, various absorbance 
shifting of peaks appeared which is a strong indication 
of polymeric, dimeric and internally bonded -OH stretch 
and such stretch in the acid-enzyme hydrolyzed slurry 
of SPRF corresponds to the better ethanol production 
potential (Nieuwoudt et al. 2006; Jivan et al. 2014; Nandi-
yano et al. 2019). 
Elemental variation of fermented residue of SPRF 
Sweet potato is being considered as an economically 
important food crop for its substantial level of starch as 
well as for the bioavailability of soluble sugars, vitamins, 
minerals and other nutrients. Additionally, the root parts 
of sweet potato have significant amount of essential ele-
ments like Ca and Fe (Senanayake et al. 2013). Hence, an 
effort was made to simplify and change the constituents of 
some valuable elements by implementing S. cerevisiae and 
Z. mobilis individually to the saccharified SPRF product 
and a considerable change of the constituents was achieved 
after the fermentation. The applied acid-enzyme hydro-
lysis method not only successfully synthesizes the simple 
form of sugar but also resulted in better bioavailability of 
some essential elements within the residue of fermented 
SPRF which is a good sign of further utilization of that 
type of waste biomaterials. As the fermented SPRF resi-
dues having various nutritional values along with good 
source of pectin and dietary fiber, the product can be used 
as the cattle and fish feed (Murugan et al. 2012; Jagatee 
et al. 2020). Moreover, the residual product may act as 
potential organic fertilizer for sustainable agriculture and 
improve the growth and metabolism of plants (Varzakas 
et al. 2016; Akoetey et al. 2017). The availability of specific 
carbohydrates is the key biomolecules for regulating the 
Elements tested Control/saccharified sample (mg/g) Saccharified fermented residue (mg/g)
S. cerevisiae fermented residue Z. mobilis fermented residue
P 2.12 ± 0.04 1.80 ± 0.03 1.77 ± 0.02
S 0.75 ± 0.01 2.14 ± 0.28 1.84 ± 0.03
Cl 3.37 ± 0.12 4.70 ± 0.07 4.32 ± 0.10
K 14.21 ± 0.36 13.14 ± 0.08 12.48 ± 0.10
Ca 2.21 ± 0.04 3.02 ± 0.02 3.12 ± 0.03
Mn 0.02 ± 0.003 0.04 ± 0.005 0.05 ± 0.001
Fe 0.33 ± 0.001 0.40 ± 0.01 0.58 ± 0.004
Zn 0.01 ± 0.002 0.16± 0.01 0.17 ± 0.001
Cu 0.03 ± 0.001 0.01 ± 0.003 0.01 ± 0.003
Table 4. Elemental analysis of saccharified and saccharified fermented residues of SPRF.
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fermentation process, however, the deployed microorgan-
isms and producing certain enzymes play a central role by 
regulating the whole metabolic activity. The fluctuation 
of trace elements in the residue of fermented SPRF maybe 
an indication of their utilization by certain enzymes as 
a cofactor for better production of bioethanol (Choong 
et al. 2016; Nimbalkar et al. 2018). 
Conclusion
The study concludes that the acid-enzyme hydrolysis 
can be an alternative and sustainable technology for 
the production of bioethanol. The experimental out-
come obtained from the study validates the activation 
of hydrochloric acid and glucoamylase (Palkodex®) 
for the production of maltose and glucose from sweet 
potato starch. The saccharified substrate subjected to 
fermentation and the fermented residues of Z. mobilis 
and S. cerevisiae showed the presence of several absorbed 
peaks for ethanol functional group (-OH), indicating a 
more suitable substrate for the production of bioethanol. 
Moreover, the variation of elemental components of 
control as well as fermented sweet potato starch may act 
as a possible bioindicator for utilization of specific nu-
trients corresponding to the deployed microorganisms. 
These observations advocated further need of research on 
subcellular and molecular level to understand the role of 
individual element during each step of the fermentation 
process of bioethanol production. 
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Tannin acyl hydrolase (E.C. 3.1.1.20), which is commonly 
called tannase, is an inducible enzyme especially in mi-
crobes, produced in the presence of hydrolysable tannins 
(Barthomeuf et al. 1994; Mondal et al. 2001a; Mukherjee 
and Banerjee 2006). Tannase hydrolyses the ester and 
depside linkages of hydrolysable tannins like tannic acid, 
gallotannins, epigallocatechin-3-gallate, esters of gallic 
acid into glucose and gallic acid (Iibuchi et al. 1968; Das 
Mohapatra et al. 2005; Jana et al. 2014).
Tannase has wide applications in food, beverage, 
brewing, cosmetic and chemical industries (Lekha and 
Lonsane 1997; Aissam et al. 2005). It is mainly used for 
the preparation of gallic acid, instant tea, acorn wine, 
coffee flavoured soft drinks, high-grade leather tannin, 
clarification of beer and fruit juice, detannification of food 
and production of wine (Coggon and Sanderson 1972; 
Lekha and Lonsane 1997; Mukherjee and Banerjee 2003; 
Aracri et al. 2019; Cavalcanti et al. 2020). It is also used 
to clean up highly polluting tannin from the effluent of 
the leather industry (Kim et al. 2020; Biswas et al. 2020).
Besides that, gallic acid (3,4,5, trihydroxy benzoic acid), 
a hydrolyzable product of tannic acid is an antioxidant 
and has several uses for the manufacture of propyl gallate, 
photosensitive resin, pyrogallol, ink and dye (Gaathon 
et al. 1989; Das Mohapatra et al. 2005; Patil et al. 2011). 
Conventionally it is produced from tannic acid by acid 
hydrolysis or by the action of enzyme tannase (Lekha and 
Lonsane 1997). Microbial process is the most specific, 
eco-friendly and cost-effective approach and at the same 
time pure gallic acid could be recovered from the process 
easily. The world-w ide annual demand of gallic acid is 
about 8000 tones (Lokeswari 2010; Aguilar-Zarate et al. 
2015). In India it is totally imported and mainly utilized 
as an intermediate in the production of trimethoxy benz-
aldehyde, which is used in the pharmaceutical industry 
to produce trimethoprim, a broad-spectrum antibiotic 
(Bajpai and Patil 1997; Aissam et al. 2005; Biswas et al. 
2020). A combination of trimethoprim and sulphonamide 
is effective against many otherwise resistant species of 
bacteria.
Though tannic acid is generally considered as antinu-
trient and antimicrobial agent (Scalbert 1991), however, 
a large number of tannase-producing microorganisms 
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including bacteria, fungi and yeast can hydrolyse tannic 
acid into gallic acid and glucose (Mondal and Pati 2000; 
Banerjee et al. 2001; Sharma et al. 2007; Das Mohapatra et 
al. 2009). Production of tannase and gallic acid in tannin 
rich media through fungi has been reported earlier by 
many researchers (Rajakumar and Nandy 1983; Pourrat 
et al. 1987; Hadi et al.1994; Bajpai and Patil 1999; Banerjee 
et al. 2001; Mukherjee and Banerjee 2006). In this context 
there are comparatively few reports on simultaneous 
production of the two by bacteria. Using chestnut tannin 
as carbon source, Deschamps et al. (1983) first reported 
the production of extracellular tannase by Bacillus pumilus, 
Bacillus polymixa, Corynebacterium sp. and Klebsiella pneu-
moniae. Later, Deschamps and Lebeault (1984) reported 
the production of gallic acid from tara pod tannins by K. 
pneumoniae and Corynebacterium sp. Tannase-producing 
strains like Streptococcus sp. from faeces of koalas (Osawa 
and Mitsuoka 1990) and Lactobacilli from humans and 
fermented foods (Osawa et al. 2000) were also reported. 
Das Mohapatra et al. (2006) reported on tannase produc-
tion by Bacillus licheniformis KBR6 by using eight different 
(Acacia auriculiformis, Casuarina quisetifolia, Psidium guazava, 
Anacardium occidentale, Delonix regia, Eucalyptus tereticornis, 
Cassia fistula, and Ficus bengalensis) plant extracts as tannin 
source. Aguilar-Zarate et al. (2015) reported on gallic acid 
production under anaerobic submerged fermentation by 
two bacilli strains identified as Bacillus subtilis AM1 and 
Lactobacillus plantarum CIR1. A preliminary study was 
done on isolation of tannase producer from soil, like B. 
licheniformis KBR6 and Bacillus cereus KBR9 (Mondal and 
Pati 2000; Mondal et al. 2001a).
Submerged fermentation involves the growth of the 
microorganism in a liquid medium in which various 
nutrients are either dissolved or suspended as particulate 
solids (Frost and Moss 1987). Submerged fermentation 
is mostly preferred, because sterilization and process 
control mechanisms are quite easier (Lekha and Lonsane 
1997). In submerged fermentation, uniform growth of 
the microorganism occurred as a suspension owing to 
various gases and nutrients, which are either dissolved 
or suspended in a liquid medium (Frost and Moss 1987).
In this present work the tannase and gallic acid yield 
efficiency of B. licheniformis KBR6 through submerged 
fermentation has been studied.
Materials and Methods
Microorganism and mode of cultivation
A potent tannase-producing bacterium used in the pres-
ent study was isolated from the lateritic sal forest soil of 
Midnapore district, West Bengal, India and was identi-
fied as B. licheniformis KBR6 (IMI. No.-379224) (Mondal 
and Pati 2000).
The selective medium used for growth of the organ-
ism was composed of (g/l): tannic acid, 10; K2HPO4, 0.5; 
KH2PO4, 0.5; MgSO4, 0.5; CaCl2, 1.0; NH4Cl, 3.0. The 
pH of sterilized medium was adjusted to 5.0 using 0.5 
M NaOH. Cultivation of B. licheniformis KBR6 was done 
in 250 ml Erlenmeyer flask containing 50 ml sterilized 
medium for 20 h on a rotary shaker (200 rpm) at 35 °C. 
The culture broth was centrifuged (5000 g for 15 min) 
and the supernatant was examined for production of 
tannase as well as gallic acid.
Determination of microbial growth
For measuring the growth, the cell concentration was 
determined by turbidimetry at 620 nm (SL 171 Mini Spec, 
Elico, India) and correlated to cell dry weight (mg/ml).
Measurement of tannin concentration
The remaining tannin content of the fermented broth 
was estimated by the modified method of Hagerman and 
Butler (1978). The tannin content of the fermented broth 
(0.5 ml) was precipitated by addition of 3 ml of BSA solu-
tion (1 mg/ml) and kept at room temperature for 15 min. 
After centrifugation (5000 g, 5 min), the precipitate was 
dissolved in 3 ml of SDS - triethanolamine solution (SDS 
1%, w/v, and triethanolamine 5%, v/v, in distilled water). 
Then 1 ml of FeCl3 reagent (0.01 M FeCl3 in 0.01 N HCl) 
was added and incubated for 30 min for stabilization of 
colour. This coloured solution was diluted with distilled 
water and the absorbency was measured at 530 nm. The 
residual tannic acid in the fermented broth was determined 
from a standard curve and expressed as percentage of 
initial concentration.
Assay of tannase
The activity of extracellular tannase from B. licheniformis 
KBR6 was determined by the colorimetric method of 
Mondal et al. (2001b). For the assay, 0.1 ml of enzyme 
was mixed with 0.3 ml of tannic acid substrate solution 
(1.0% w/v tannic acid in 0.2 M citrate buffer, pH 5.0), 
and incubated at 50 °C for 30 min. The reaction was 
terminated by the addition of BSA solution (1 mg/ml), 
which also precipitated the residual tannic acid. A control 
reaction with heat-denatured enzyme was performed 
concomitantly. The tubes were then centrifuged (5000 
g, 10 min) and the precipitates were dissolved in 2 ml of 
SDS-triethanolamine (1% w/v, SDS in 5% v/v, triethanol-
amine) solution. The absorbance was measured at 530 nm 
after addition of 1 ml of 0.13 M FeCl3.
The specific extinction coefficient of tannic acid at 530 
nm was 0.577 (Mondal et al. 2001b). Using this coefficient, 
one unit of tannase activity was defined as the amount 
of enzyme that can hydrolyse 1 µM of ester linkage of 
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tannic acid in 1 min at 50 ℃ and pH 5.0.
Estimation of gallic acid
The gallic acid in the culture medium was estimated 
following the method of Bajpai and Patil (1996). Culture 
supernatant was diluted 100-fold with 0.5 M acetate 
buffer (pH 6.0) and the absorbance was simultaneously 
measured at two specific wavelengths. Concentration 
of gallic acid was calculated by the following equation:
Gallic acid (µg/ml) = 21.77 (A254.6) - 17.17 (A293.8)
Results
Effect of incubation period
Tannase and gallic acid production in relation to growth of 
B. licheniformis KBR6 were studied in submerged fermenta-
tion for 48 h. The formation of tannase was started from 
the early stages of growth of the bacterium and reached 
maximum at 18 h. The highest gallic acid production was 
found at 22 h (Fig. 1).
Effect of tannic acid concentration
The catalytic activity of B. licheniformis KBR6 was studied 
in a fermentation medium containing various tannic 
acid (sole substrate) concentrations (5 to 40 g/l) and 
represented in Table 1. Increasing the initial tannic acid 
concentration from 10 to 15 g/l favoured the growth of 
the organism. At 15 g/l tannic acid concentration maxi-
mum cell mass (0.75 g/l), cell yield co-efficient (0.08 g/g) 
and specific growth rate (37.5 mg/g/h) of the organism 
was observed. The highest tannase yield (16.3 U/g) and 
specific tannase production rate (0.80 U/g/h) were also 
obtained in this tannic acid concentration. It was also 
shown that somewhat higher concentration of tannic acid 
(20 g/l) decreased tannase yield (15.2 U/g) and specific 
tannase production rate (0.76 U/g/h). But the gallic acid 
yield coefficient and specific gallic acid production rate 
increased with increase in tannic acid concentration.
Effect of additional carbohydrate (extra carbon source) 
in tannic acid medium
Carbon source is known to influence the growth as well 
as constitutive element in the synthesis of any metabolite. 
In order to assess the effects of additional carbohydrates 
on the growth, extracellular tannase formation and gallic 
acid production by B. licheniformis KBR6, four different 
carbohydrates (2 g/l) viz, glucose, fructose, sucrose and 
lactose were added to the medium separately and then 
examined (Table 2). Maximum cell growth, gallic acid 
yield coefficient and specific growth rate of the organ-
ism were obtained in presence of glucose and fructose, 
whereas tannase yield coefficient and specific tannase 
production rate showed highest in presence of lactose. 
In absence of any additional carbon source, the catalytic 
activity of organism was significantly reduced.
Figure 1. Effect of incubation period on tannase and gallic acid pro-
duction.
Parameters Without tannic acid Tannic acid (g/l)
5 10 15 20 25 30 35 40
Ccm 0.23 0.66 0.74 0.75 0.68 0.50 0.30 0.30 0.19
Yc/s 0.23 0.07 0.07 0.08 0.07 0.05 0.03 0.03 0.02
Ye/s ND 8.1 14.1 16.3 15.2 12.4 11.3 10.9 7.8
Yg/s ND 61.4 75.8 77.5 80.0 80.0 82.0 84.0 83.0
qe ND 0.41 0.71 0.80 0.76 0.62 0.57 0.57 0.39
qg ND 3.0 3.1 3.8 4.1 4.06 4.1 4.2 4.3
qc 11 33 37 37.5 34 25 15 15 9
S/s ND 82.2 83.1 78.0 66.3 46.0 45.8 45.6 32.3
Table 1. Effect of tannic acid concentration on gallic acid, tannase, and cell mass formation by B. licheniformis KBR6.
ND = Non detectable; Ccm = dry cell mass (g/l); Yc/s = cell yield coefficient (g dry cell mass per g tannic acid used); Ye/s = tannase yield coefficient (U of 
enzyme per g tannic acid used); Yg/s = gallic acid yield coefficient (g of gallic acid per g tannic acid used); qe = tannase production rate (U/g/h); qg = gallic 
acid production rate (mg/g/h); qc = growth rate (mg/g/h); S/s = tannic acid consumed percentage
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Effect of nitrogen source
The nitrogen source is an essential prerequisite for meta-
bolic reaction of any living cell. In order to find out 
the suitable nitrogen source for tannase and gallic acid 
production, B. licheniformis KBR6 was grown in presence 
of various nitrogen sources (Table 3), and each nitrogen 
source was added to the basal medium at a concentration 
of 3 g/l Urea and NH4Cl showed a favourable effect in 
respect to growth of the organism as well as gallic acid 
and enzyme production. Though the maximum growth 
of the bacterium occurred in the presence of urea, but the 
higher enzyme induction was observed in the presence 
of NH4Cl. It is also observed that the gallic acid yield co-
efficient, the specific tannase and gallic acid production 
rates were also higher in presence of NH4Cl. In relation 
to higher growth of bacteria, the tannic acid consumption 
percentage in presence of urea is much more (63.2%) as 
compared to other nitrogen sources. A negligible effect 
was observed in presence of the other nitrogen sources 
like NaNO3, creatinine and ammonium oxalate.
Effect of phosphate source
The effect of different inorganic phosphates (KH2PO4, 
Parameters No carbohydrate Glucose Fructose Sucrose Lactose
Ccm 0.41 0.7 0.71 0.67 0.66
Yc/s 0.04 0.07 0.07 0.07 0.07
Ye/s 3.9 4.5 4.2 6.1 6.5
Yg/s 0.125 0.269 0.252 0.216 0.185
qe 0.195 0.225 0.21 0.305 0.325
qg 4.1 4.3 4.4 4.4 4.0
qc 20 35 35 33 33
S/s 66.2 32.2 35.0 40.8 44.2
Table 2. Effect of carbon source (2 g/l) on tannase, gallic acid and cell mass formation by B. licheniformis KBR6.
Ccm = dry cell mass (g/l); Yc/s = cell yield coefficient (g dry cell mass per g tannic acid used); Ye/s = tannase yield coefficient (U of enzyme per g tannic acid 
used); Yg/s = gallic acid yield coefficient (g of gallic acid per g tannic acid used); qe = tannase production rate (U/g/h); qg = gallic acid production rate (mg/g/h); 
qc = growth rate (mg/g/h); S/s = tannic acid consumed percentage
Parameter No N2 source Urea NH4Cl (NH4)2SO4 NH4NO3 NaNO3 Creatinine Ammonium oxalate
Ccm 0.34 0.78 0.74 0.71 0.73 0.07 0.08 0.07
Yc/s 0.03 0.08 0.07 0.07 0.07 0.01 0.01 0.01
Ye/s 2.1 9.4 14.8 7.1 11.7 2.8 2.8 5.5
Yg/s 0.011 0.052 0.082 0.068 0.08 0.028 0.022 0.022
qe 0.11 0.47 0.74 0.355 0.585 0.14 0.14 0.275
qg ND 2.6 4.1 3.4 4.0 1.4 1.1 1.1
qc 10 39 37 35 36 3 4 3
S/s 12 63.2 54 43.4 50.1 11.4 12.9 10.9
Table 3 Effect of nitrogen source (3 g/l) on tannase, gallic acid and cell mass formation by B. licheniformis KBR6.
ND = Non detectable; Ccm = dry cell mass (g/l); Yc/s = cell yield coefficient (g dry cell mass per g tannic acid used); Ye/s = tannase yield coefficient (U of 
enzyme per g tannic acid used); Yg/s = gallic acid yield coefficient (g of gallic acid per g tannic acid used); qe = tannase production rate (U/g/h); qg = gallic 
acid production rate (mg/g/h); qc = growth rate (mg/g/h); S/s = tannic acid consumed percentage
Parameters No phosphate source KH2PO4 K2HPO4 (NH4)2HPO4
Ccm 0.12 0.95 0.84 0.62
Yc/s 0.01 0.10 0.08 0.06
Ye/s 1.0 16.5 14.2 6
Yg/s 0.11 0.071 0.069 0.058
qe 0.015 0.825 0.71 0.3
qg 1 3.5 3.4 2.9
qc 6 47 42 31
S/s 1.73 82.2 75.8 45
Table 4 Effect of phosphate source (0.5 g/l) on tannase, gallic acid and 
cell mass formation by B. licheniformis KBR6.
ND = Non detectable; Ccm = dry cell mass (g/l); Yc/s = cell yield coefficient (g 
dry cell mass per g tannic acid used); Ye/s = tannase yield coefficient (U of 
enzyme per g tannic acid used); Yg/s = gallic acid yield coefficient (g of gallic 
acid per g tannic acid used); qe = tannase production rate (U/g/h); qg = gallic 




K2HPO4 and (NH4)2HPO4) was studied for tannase and 
gallic acid production by B. licheniformis KBR6. It has been 
observed that phosphate source in tannic acid medium 
is essential for bacterial growth and tannase production 
(Table 4). In this experiment 0.5 g/l of all the phosphate 
sources were used. The maximum gallic acid production, 
tannase yield co-efficient and specific rate of enzyme 
synthesis by the organism occurred in presence of KH2PO4 
(Table 4). Whereas, the efficiency of the organism was 
similar for growth, tannase and gallic acid production 
in presence of both KH2PO4 and K2HPO4.
Effect of temperature
To find out optimum temperature for growth and tan-
nase production the organism was grown at different 
temperature (20-50 °C). It was found that the organism 
could able to grow in between 20-45 °C. But maximum 
cell mass growth, tannase and gallic acid yield coefficient 
were observed at 35 °C (Table 5).
Effect of initial medium pH
Significant growth of organism and tannase and gallic 
acid production by the organism were observed in the 
wide range of pH (3.0 to 6.5), but maximum cell mass 
growth, tannase yield coefficient were found at pH 5.0, 
whereas highest gallic acid yield coefficient was observed 
at pH 5.5 (Table 6).
Effect of metal ions
Different cations (0.05%, w/v) were added in tannic acid 
medium to study their effects on growth, tannase and 
gallic acid production (Table 7). It has been observed 
that Ca2+, Mg2+ and Na+ ions in tannic acid medium 
increased growth of microorganism, tannase and gallic 
acid production. Other metal ions like Mn2+, Co2+, Ag2+, 
Pb2+, Hg2+ were inhibitory to bacterial growth as well as 
tannase and gallic acid production.
Discussion
Simultaneous production of tannase and gallic acid by 
bacteria has comparatively little report. In comparison 
to fungal strains, bacteria are highly sensitive to tannic 
acid (Scalbert 1991). The organism B. licheniformis KBR6 
produced maximum tannase and gallic acid at its active 
log phases (18 h and 22 h, respectively). It has also been 
observed that tannase production was directly propor-
tional to the early (up to 20 h) growth of the organism. In 
this regard, Deschamp et al. (1983) reported that Coryne-
bacterium sp. able to produce maximum tannase at early 
stages (6 h) of growth but the organism attained highest 
growth after 24 h. Similar findings were reported by 
Selwal et al. (2010) where enzyme production by Pseu-
domonas aeruginosa IIIB 8914 was started from its early 
growth but reached the highest level at 24 h, after which 
it get decreased.
Increasing the initial tannic acid concentration from 
10 to 15 g/l favoured the growth of the organism. Fur-
thermore, increasing substrate concentration (above 15 
Parameter 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C
Ccm 0.15 0.25 0.32 0.52 0.27 0.25
Yc/s 0.05 0.06 0.07 0.08 0.07 0.06
Ye/s 2.9 6.5 11.3 14.4 10.2 5.3
Yg/s 0.0 3.3 5.2 6.5 4.5 2.0
Table 5 Effect of temperature on tannase and gallic acid production by B. licheniformis KBR6.
Ccm = dry cell mass (g/l); Yc/s = cell yield coefficient (g dry cell mass per g tannic acid used); Ye/s = tannase yield coefficient (U of enzyme per g tannic acid 
used); Yg/s = gallic acid yield coefficient (g of gallic acid per g tannic acid used)
Parameter 3.0 4.0 4.5 5.0 5.5 6.0 6.5
Ccm 0.12 0.25 0.32 0.43 0.38 0.28 0.20
Yc/s 0.04 0.05 0.06 0.08 0.07 0.05 0.05
Ye/s 4.2 5.6 8.2 15.2 9.3 7.5 5.2
Yg/s 2.0 3.3 4.2 5.5 6.5 4.2 2.2
Table 6 Effect of pH on tannase and gallic acid production by B. licheniformis KBR6.
Ccm = dry cell mass (g/l); Yc/s = cell yield coefficient (g dry cell mass per g tannic acid used); Ye/s = tannase yield coefficient (U of enzyme per g tannic acid 
used); Yg/s = gallic acid yield coefficient (g of gallic acid per g tannic acid used)
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g/l) resulted significant inhibition of bacterial growth as 
well as other growth-related parameters. This reveals that 
growth of B. licheniformis KBR6 is highly regulated by the 
tannic acid concentration in medium. The retardation of 
growth at higher tannic acid concentration was due to 
toxicity of substrate itself as it contained large quantity 
of phenolic groups, which causes precipitation of macro-
molecules including proteins and carbohydrates (Lewis 
and Starkey 1969; Scalbert 1991). In this experiment, an 
increment in the specific production rate and yield of gallic 
acid was observed with increasing the initial tannic acid 
concentration up to 20 g/l and after which there were no 
significant alteration observed with further enhancement 
of tannic acid. The initial rapid production of gallic acid 
was due to increase in growth as well as higher tannase 
in the medium. Above 20 g/l of tannic acid both growth 
and tannase synthesis inhibited but due to availability of 
substrate (tannic acid) to low concentration of enzyme, 
the gallic acid formation rate was not drastically altered. 
In the present study, an initial tannic acid concentration 
of 15 g/l was found to be a better tannase inducer than 
10 or 20 g/l. Earlier most of the reports indicated that 
a specific tannic acid concentration is suitable for mi-
crobial tannase biosynthesis (Hadi et al. 1994; Bradoo et 
al. 1997). Raghuwanshi et al. (2011) reported maximum 
tannase production (11.2 IU/ml) in medium containing 
2.0% tannic acid by Bacillus sphaericus.
The formation of extracellular enzyme is found to 
be strongly affected by the nature of additional carbon 
source used. The addition of lactose in tannic acid media 
enhanced tannase production about 1.7-fold. The require-
ment of additional carbon sources for tannase synthesis 
by fungal strains in tannic acid media have been reported 
by many workers (Hadi et al. 1994; Bradoo et al. 1997). 
Hadi et al. (1994) mentioned that carbohydrates act as a 
catabolic inducer for tannase biosynthesis in Rhizopus 
oryzae. Mondal et al. (2000) and Mondal and Pati (2000) 
observed that the addition of low concentrations of ad-
ditional carbon sources like glucose, lactose and sucrose 
(0.1%) were supportive for enzyme production by B. 
licheniformis KBR6.
The nitrogen source in the culture medium is very 
essential for microbial growth. Organisms assimilate 
specific nitrogen source from their surrounding environ-
ment and mainly use it as a precursor of amino acid as 
well as cellular protein synthesis. In this experiment, the 
bacterium B. licheniformis KBR6 synthesized more tan-
nase as well as gallic acids in presence of NH4Cl. Lekha 
and Lonsane (1997) have also reported the nutritional 
requirement of specific nitrogen source in culture media 
for fungal tannase production. Sabu et al. (2006) reported 
an increase in the tannase production by Lactobacillus sp. 
ASR-S1 with NH4NO3 supplement in the medium con-
taining tamarind seed powder (TSP). Belur et al. (2010a) 
observed enhanced tannase production by Serratia ficaria 
in presence of casein hydrolysate and yeast extract with 
NH4NO3 in fermentation medium. Raghuwanshi et al. 
(2011) observed maximum tannase production by Bacil-
lus sphaericus with 0.25% ammonium chloride. Organic 
nitrogen sources (beef extract, peptone, etc.) were not 
used in the medium as these form insoluble complexes 
with tannic acid. Added advantages of inorganic nitrogen 
Ions (0.05% w/v) Dry biomass (mg/ml) Tannase (U/ml) Gallic acid (mg/ml)
Control 0.35 ± 0.03 0.30 ± 0.06 0.42 ± 0.08
AgCl2 ND ND ND
BaCl2 0.12 ± 0.03 0.08 ± 0.02 0.13 ± 0.01
CaCl2 0.36 ± 0.08 0.33 ± 0.04 0.45 ± 0.01
CoCl2 0.13 ± 0.02 0.08 ± 0.03 0.12 ± 0.03
CuCl2 ND ND ND
HgCl2 0.09 ± 0.04 0.06 ± 0.01 ND
MgCl2 0.35 ± 0.05 0.37 ± 0.01 0.48 ± 0.05
MnCl2 ND ND ND
NaCl 0.42 ± 0.06 0.33 ± 0.08 0.45 ± 0.14
PbCl2 0.18 ± 0.03 0.14 ± 0.06 0.12 ± 0.01
CaCl2+ MgCl2 0.85 ± 0.10 0.35 ± 0.07 0.45 ± 0.03
MgCl2 + NaCl 0.72 ± 0.09 0.36 ± 0.10 0.45 ± 0.04
CaCl2 + NaCl 0.63 ± 0.07 0.31 ± 0.11 0.38 ± 0.02
MgCl2+ NaCl + CaCl2 0.92 ± 0.11 0.43 ± 0.05 0.55 ± 0.09
Table 7 Effect of metal ions on growth, tannase and gallic acid production.
ND = Non detectable
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sources are that, they are less expensive than organic one 
and at the same time they avoid the problems of complex 
formation during enzyme purification.
The inorganic phosphate sources are very much es-
sential for tannase production from B. licheniformis KBR6. 
Different phosphate compounds in the basal medium for 
tannase production have been found in earlier reports 
(Hadi et al. 1994; Bradoo et al. 1997; Lekha and Lonsane 
1997). This report is in accordance with the results re-
ported by Das Mohapatra et al. (2009), where enzyme 
production by B. licheniformis KBR6 was optimised using 
KH2PO4.
It has been found that Ca2+, Mg2+ and Na+ stimulated the 
tannase production by B. licheniformis KBR6. Micro- and 
macroelements act as an elementary composition of cell, 
but a particular ion has stimulatory effect to metabolic 
synthesis in specific group of microorganisms (Schlegel 
1995). Beniwal et al. (2010) showed stimulatory effect of 
Ca2+ and Mg2+ ions for enzyme production by Enterobacter 
cloacae MTCC 9125.
Tannase is a most promising and applicable microbial 
enzyme in bioprocess industry. The enzymatic by product, 
gallic acid has also many uses in chemical industry. Both 
tannase and gallic acid can be produced by B. licheniformis 
KBR6 in tannic acid containing culture media. The opti-
mal composition of this medium was tannic acid (15 g/l), 
glucose (2 g/l), NH4Cl (3 g/l), KH2PO4 (0.5 g/l) and MgCl2 
(0.5 g/l). In this minimal medium bacterium can produce 
tannase in large amounts at short period of cultivation in 
comparison to other tannase producing fungi.
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Presently, the world’s population is in under tremendous 
pressure, due to COVID-19 pandemic. Worldwide, more 
than 90 million people are infected and among them more 
than 1.97 million people died till date (as per WHO). 
Deaths are increasing by leaps and bounds due to com-
munity transmission and the scientists are deliberately 
trying to find drugs from natural and synthetic origin 
to use as a potential antiviral agent. The entry of the 
COVID-19 virus into human cells is mediated via trans-
membrane spike (S) glycoprotein that contributes to the 
cell receptor binding, tissue tropism, and pathogenesis. 
Spike protein has conserved motifs have three domains 
namely S1, S2 and N. The S1-domain has a conserved 
receptor-binding domain (RBD), which recognizes the 
angiotensin-converting enzyme-2 (ACE-2) receptor (Bour-
gonje et al. 2019; Yao et al. 2020) which is the initial step 
of entry mechanism into the host cells (Walls et al. 2020; 
Wang et al. 2020). The expression of ACE-2 is higher in 
the intestinal epithelium and pulmonary pneumocytes 
than other tissues. The interaction of S protein and ACE-2 
results in imbalance of the renin-angiotensin system in 
the lungs as well as immunological intolerance, which 
leads to acute lung injury such as pulmonary oedema 
(Yao et al. 2020; Yang et al. 2007; Kuba et al. 2005). The 
entry of coronavirus into susceptible cells is a complex 
process that requires the concerted action of receptor 
binding and proteolytic processing of the S protein, 
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On-going global pandemic COVID-19 has spread all over the world and 
has led to more than 1.97 million deaths till date. Natural compounds may be useful to 
protecting health in this perilous condition. Mechanism of shuttle entry of SARS-COV-2 
virus is by interaction with viral spike protein with human angiotensin-converting enzyme-2 
(ACE-2) receptor. To explore potential natural therapeutics, 213 important phytochemi-
cals of nine medicinal plants Aconitum heterophyllum, Cassia angustifolia, Cymbopogon 
fl exuosus, Cymbopogon martinii, Nux vomica, Phyllanthus urinaria, Swertia chirayita, Justicia 
adhatoda, Vetiveria zizanioides were selected for in-silico molecular docking against the 
spike protein of SARS-COV-2 and compared with recently prescribed drug chloroquine, 
ramdesivir, lopinavir and hydroxychloroquine. Results revealed that rhamnocitrin of P. 
urinaria, 1,5-dihydroxy-3,8-dimethoxyxanthone of S. chirayita and laevojunenol of V. ziza-
nioides potentially binds with the receptor binding site of SARS-COV-2 spike glycoprotein 
and more robustly destabilized the RBD-ACE-2 binding over chloroquine, ramdesivir, 
lopinavir and hydroxychloroquine. It was also found that laevojunenol, rhamnocitrin, 
and 1,5-dihydroxy-3,8-dimethoxyxanthone qualifi ed the criteria for drug-likeness as per 
Lipinski rule. After attachment of the selected phytochemical with the spike protein the 
affi  nity of the later towards ACE-2 was minimized and the eff ect of 1,5-dihydroxy-3,8-
dimethoxyxanthone and laevojunenol was superior. Hence, rhamnocitrin of P. urinaria, 
1,5-dihydroxy-3,8-dimethoxyxanthone of S. chirayita and laevojunenol of V. zizanioides, 
are potential therapeutic molecules for SARS-COV-2, which upon binding with spike 
protein changes the affi  nity of the spike towards ACE-2 and therefore restrict the entry 
of the virus into a human cell. Subsequent clinical validation is needed to confi rm these 
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which endorses virus-cell fusion (Walls et al. 2020). In 
recent time, chloroquine, hydroxychloroquine, remdesivir, 
lopinavir, arbidol are drugs of choice for COVID treat-
ment but they have limitations and side effects (Wang et 
al. 2020; Cao et al. 2007; Rismanbaf et al. 2020; Yazdany 
et al. 2020). Under this emergency, several conventional 
and non-conventional medicines are being tested around 
the world to restrict viral transmission and to develop 
effective therapeutics. In this perspective, medicinal 
plants especially those employed in traditional medicine 
for the treatments of virus-allied symptoms have recently 
come under scientific surveillance as they contain bioac-
tive compounds that could be useful for development of 
potential drugs against COVID like viral diseases.
Since ancient human civilization, many phytochemi-
cals of diversified unique properties are being explored 
for customized treatments of variety of diseases owing 
to their analgesic, antipyretic, antioxidative, anticancer, 
immunomodulatory, anti-inflammatory, antimicrobial, 
anti-carcinogenic and many other notable properties 
( Jaiswal and Williams 2017; Suresh and Abraham 2020; 
Koparde et al. 2019). In global perspective, Lion’s share 
of the world population still depends on plant derived 
products to formulate drugs to treat their health problems. 
Some selective herbal products have low cytotoxicity and 
high bioavailability and are effective for the treatment of 
different viral diseases (Divya et al. 2020). The potential 
biological roles of plant’s secondary metabolites have 
now been explored in the blockage of virus particle’s 
entry, their multiplication and pathogenesis (ul Qamar 
et al. 2020). Among the different plants, P. urinaria (com-
monly called gripe weed) have potential ethnomedicinal 
importance against asthma, bronchitis, cough, tuber-
culosis, fever, influenza, digestive pain, conjunctivitis 
and anaemia. Besides, this plant also effective against 
hepatitis A-C, herpes and HIV (Singh 2018). S. chirayita 
(also is known as chirayta) is useful for the cure of different 
diseases and containing anti-inflammatory, antioxidant 
and antiviral compounds. S. chirayita has also very good 
antiviral activity against herpes and papilloma virus 
(Singh 2018; Kumar and Van Staden 2016). Likewise, V. 
zizanioides (vetivergrass; Hindi: Khas-Khas) used to treat 
many skin and nervous disorders and claimed to inhibit 
the dengue NS2B–NS3 virus (Lavanya et al. 2016). A. 
heterophyllum also helps in the treatment of common 
cold, flu, and malaria bronchitis, persistent cough and 
upper respiratory tract infections (Paramanick et al. 
2017). C. flexuosus commonly used against headaches, 
diabetes, rheumatism, hypertension, wounds, fever and 
bone fractures (Rajeswara Rao 2013). Nux vomica is used 
against colds and flu, particularly in the early stages of any 
virus infection (Singh 2018). These all plants are selected 
based on their ethno-botanical importance and the study 
of literature. The present study was aimed to explore the 
interaction of natural compounds of A. heterophyllum, C. 
angustifolia, C. flexuosus, C. martinii, N. vomica, P. urinaria, 
S. chirayita, J. adhatoda, V. zizanioides with the spike protein 
of the SARS-CoV-2 virus. The 3D structure of S protein 
was constructed and its binding ability against the 213 
phytochemicals of the above-mentioned medicinal plants 
were evaluated. The post binding effect of the conjugated 
spike protein with ACE-2 was also addressed in order 
to explore the effectiveness of natural compounds as 
potential anti-COVID drug. 
MATERIALS AND METHODS
Retrieval of protein sequence and prediction of homolo-
gous structure
The reference spike glycoprotein YP_009724390.1 se-
quence of human corona virus SARS-COV-2 collected 
from NCBI. Three-dimensional structure of corona viral 
spike glycoprotein (PDB ID: 6VSB) and human Angio-
tensin Converting Enzyme-2 (ACE-2) (PDB ID: 4APH) 
were retrieved from RCSB Protein Data Bank (https://
www.rcsb.org/) in PDB format and modelling of the 
spike glycoprotein (YP_009724390.1) was carried out 
in SWISS-MODEL server (Waterhouse et al. 2018) and 
further analysed by using PyMol (DeLano 2002). Quality 
assessment of this spike glycoprotein model was validated 
by PROCHECK by analysing the Ramachandran plot 
(Laskowski et al. 1993).
Retrieval of ligands structure 
Three-dimensional structure of 213 natural compounds 
of A. heterophyllum, C. angustifolia, C.flexuosus, C. martinii, 
N. vomica, P. urinaria, S. chirayita, J. adhatoda, V. zizanioides 
and drugs remdesivir, lopinavir, chloroquine and hydroxy-
chloroquine was retrieved from Indian Medicinal Plants, 
Phytochemistry and Therapeutics (IMPPAT) database 
(Mohanraj et al. 2018), PubChem (Kim et al. 2016) on the 
basis of literature survey and listed in Table 1-3.
Protein-ligand docking
Prior docking, the water molecules were removed from the 









No Compound names Plant species Binding energy (kcal/mol) H-bond interaction
1 Hetidine A. heterophyllum -9.7 371
2 Isoatisine A. heterophyllum -8.7 -
3 Hetisinone A. heterophyllum -8.6 370, 489
4 Veratridine A. heterophyllum -8.5 115, 167
5 6-benzoylheteratisine A. heterophyllum -8.4 377, 379
6 Hetisine A. heterophyllum -8.4 370
7 Atidine A. heterophyllum -8.3 377, 379, 457
8 Beta-carotene A. heterophyllum -8.3 -
9 Atisine A. heterophyllum -8.2 455
10 Dihydroatisine A. heterophyllum -8.1 338, 339
11 Aricine A. heterophyllum -8 370, 457
12 Benzoylmesaconine A. heterophyllum -8 488
13 Lactone atisenol A. heterophyllum -8 457
14 Lappaconitine A. heterophyllum -7.6 357, 473, 475
15 6-acetylheteratisine A. heterophyllum -7.4 379
16 Heterophyllisine A. heterophyllum -7.4 489
17 Aconitine A. heterophyllum -7.3 -
18 Anisoylaconine A. heterophyllum -7.3 377, 457, 473
19 Hypaconitine A. heterophyllum -7.3 371, 373
20 Mesaconitine A. heterophyllum -7.3 371, 373
21 Phytosterols A. heterophyllum -7.3 457
22 Jesaconitine A. heterophyllum -7.2 165, 355
23 Isorhamnetin 3-gentiobioside C. angustifolia -8.4 369, 417, 457, 487, 489, 493
24 Kaempferol C. angustifolia -8.1 457, 477
25 Aloe-emodin C. angustifolia -7.7 457, 477
26 Tinnevellinglucoside C. angustifolia -7.6 371, 403, 409, 505
27 Sennaglucosides C. angustifolia -9.8 343, 370, 371, 453, 476, 478, 493 
28 Emodin-8-glucoside C. angustifolia -8.9 369, 371, 375, 376, 405, 406, 409
29 Rhein C. angustifolia -8.6 -
30 Isorhamnetin C. angustifolia -8.6 457, 477
31 Arundoin C. flexuosus -8.7 -
32 Phytosterols C. flexuosus -7.8 457
33 Humulene C. flexuosus -7.5 457
34 Caryophylene oxide C. martinii -7 478
35 Stryvomicine A N. vomica -9.2 -
36 Beta-colubrine chloromethochloride N. vomica -8.8 457, 477
37 Alpha-colubrine chloromethochloride N. vomica -8.5
38 Oleanolic acid P. urinaria -8.7 370, 457
39 Trans-8,9-Dihydro-benz(a)anthracene-8,9-diol P. urinaria -8.7 -
40 Corilagin P. urinaria -8.7 379, 457, 487, 493
41 Naringin P. urinaria -8.7 343, 375, 403, 405, 437
42 Furosin P. urinaria -8.7 417, 456, 457, 493, 494
43 Kaempferol 7-methyl ether 4'-glucoside P. urinaria -8.7 417, 456, 457, 493, 494
44 Gallocatechingallate P. urinaria -8.6 457
45 Ellagic acid P. urinaria -8.5 371, 405, 408, 409
46 Cleistanthol P. urinaria -8.4 -
47 Quercetin P. urinaria -8.4 371, 455, 457, 477
48 Daucosterol P. urinaria -8.4 377, 488
49 Spruceanol P. urinaria -8.3 457, 490
50 Quercitrin P. urinaria -8.3 457, 488
Table 2. List of natural plant derived compounds whose binding energy is higher than -7 kcal/mol when binds with SARS-COV-2 spike glycoprotein.
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No Compound names Plant species Binding energy (kcal/mol) H-bond interaction
51 13-Methyl-6,7,8,9,11,12,14,15,16,17-
decahydrocyclopenta[a]phenanthrene-3,17-diol
P. urinaria -8.2 -
52 Betulinic acid P. urinaria -8.2 408, 456, 457
53 Epigallocatechingallate P. urinaria -8.2 369, 379, 457, 487, 490
54 Rutin P. urinaria -8.2 372, 374, 375, 403, 405, 437, 439, 
453, 505
55 Epicatechin-3-gallate P. urinaria -8.1 381, 417, 457, 487, 489
56 Beta-sitosterol P. urinaria -8.1 -
57 Glochidiol P. urinaria -8 408
58 Epicatechin P. urinaria -7.9 379, 381, 487, 489
59 Epigallocatechin P. urinaria -7.9 379, 381, 487, 489
60 Betulin P. urinaria -7.9 456, 457
61 Rhamnocitrin P. urinaria -7.9 379, 487, 489
62 Brevifolincarboxylic acid P. urinaria -7.8 375, 377, 415
63 Ethyl brevifolincarboxylate P. urinaria -7.5 371, 457, 477
64 Digallic acid P. urinaria -7.4 370, 457, 477, 478
65 Methyl brevifolincarboxylate P. urinaria -7.3 455, 457, 490
66 Urinatetralin P. urinaria -7.1 381
67 Episwertenol S. chirayita -9.7 -
68 Hopenol B S. chirayita -9.3 -
69 Erythrodiol S. chirayita -9.1 -
70 Friedlein S. chirayita -9.1 357
71 Chiratenol S. chirayita -8.9 -
72 Kairatenol S. chirayita -8.7 -
73 Swertanone S. chirayita -8.7 -
74 Oleanolic acid S. chirayita -8.6 -
75 Taraxasterol acetate S. chirayita -8.5 378, 408
76 Swertenol S. chirayita -8.3 466
77 Amarogentin S. chirayita -8.2 370, 371, 372, 457, 490
78 Swertiapuniside S. chirayita -8.1 372, 403, 439, 505, 506
79 Ursolic acid S. chirayita -8.1 457
80 1,8-Dihydroxy-2,6-dimethoxy-9H-xanthen-9-one S. chirayita -7.9 -
81 Mangiferin S. chirayita -7.9 379, 456, 457, 492
82 1,5-dihydroxy-3,8-dimethoxyxanthone S. chirayita -7.7 406, 409, 417
83 Swertianin S. chirayita -7.6 415, 377, 369
84 Decussatin S. chirayita -7.5 457, 477
85 Demethylbellidifolin S. chirayita -7.5 409
86 Isobellidifolin S. chirayita -7.5 371, 457
87 Swerchirin S. chirayita -7.5 371, 457
88 7,11-Epoxy-eremophila-1,9-dien-8-α-ol V. zizanioides -8.2 457
89 Eudesmane V. zizanioides -8 -
90 Cadalene V. zizanioides -7.9 -
91 Khusene V. zizanioides -7.9 -
92 10-epi-Acora-3,11-dien-15-al V. zizanioides -7.8 457, 478
93 Beta-vetivone V. zizanioides -7.8 457
94 15-nor-prezizaan-7-one V. zizanioides -7.7 457, 478
95 Isokhusimol V. zizanioides -7.7 457
96 Isovalencenol V. zizanioides -7.7 457, 477
97 Khusiol V. zizanioides -7.7 -
98 (1S,2S,8R)-2,6,7,7-tetramethyltricyclo[6.2.1.01,5]
undecane




three-dimensional structure of the spike glycoprotein. The 
molecular docking study was performed for exploration 
of the binding affinity of the spike glycoprotein with the 
213 selected natural phytochemicals in addition with rem-
desivir, lopinavir, chloroquine and hydroxychloroquine 
through AutoDock Vina [version 1.1.2] (Trott and Olson 
2010). SARS-COV-2 spike protein S1 domain chains (A, 
B, C) have common reference active site of K417, G446, 
Y449, F486, N487, Y489, Q493, Q498, T500, N501, G502, 
Y505 (Walls et al. 2020; Wang et al. 2020; Yan et al. 2020; 
Lan et al. 2020). These sites were initially targeted for 
grid based molecular docking study with the selected 
natural phytochemicals. The grid box dimensions were 
68 Å × 90 Å × 58 Å with a spacing of 1 Å and center set at 
coordinate 219.172, 224.276 and 287.134 in x, y, and z axis, 
respectively, centring around the ACE-2 binding domain. 
An array of ligands was screened based on binding en-
ergy at active site amino acid residues, and subsequently 
blindly docked with SARS-COV-2 spike protein using 
AutoDock with new grid dimension to cover the whole 
spike glycoprotein. The grid coordinate considered as 126 
Å × 126 Å × 126 Å with a spacing of 1 Å and center set to 
coordinate 211.921, 226.209 and 247.631 in the x, y and 
z axis with 24 exhaustiveness, respectively. During blind 
docking, the size of grids was kept at maximum covering 
the whole surface of the protein to allow the ligand to 
bind in an unbiased binding pocket. Polar H charges of 
the Gasteiger-type were assigned to the receptor molecule 
and torsions were detected. Default settings of AutoDock 
Vina were used for docking studies.
No Compound names Plant species Binding energy (kcal/mol) H-bond interaction
99 Acora-2,4-diene V. zizanioides -7.6 -
100 Beta-cadinene V. zizanioides -7.6 -
101 Beta-vetivenene V. zizanioides -7.6 -
102 Khusimone V. zizanioides -7.6 -
103 Khusinol oxide V. zizanioides -7.6 478
104 7,15-epoxyprezizaane V. zizanioides -7.5 370
105 10-epi-Acor-3-en-5-one V. zizanioides -7.5 -
106 Allo-khusiol V. zizanioides -7.5 370
107 Alpha-vetispirene V. zizanioides -7.5 -
108 Eremophilane V. zizanioides -7.5 -
109 Khusilal V. zizanioides -7.5 457
110 Khusinodiol V. zizanioides -7.5 457
111 Khusitone V. zizanioides -7.5 -
112 13-nor-Eudesm-5-en-11-one V. zizanioides -7.4 457
113 Cedrane V. zizanioides -7.4 -
114 Epizizanal V. zizanioides -7.4 -
115 Isovetiselinenol V. zizanioides -7.4 -
116 Khusinol V. zizanioides -7.4 490
117 Laevojunenol V. zizanioides -7.4 489
118 11,12,13-tri-nor-cis-Eudesm-5-en-7-one V. zizanioides -7.3 -
119 Beta-Vetispirene V. zizanioides -7.3 -
120 Isokhusenic acid V. zizanioides -7.3 -
121 Isokhusinol oxide V. zizanioides -7.3 489
122 Nootkatone V. zizanioides -7.3 -
123 Cadin-4-en-10-ol V. zizanioides -7.2 -
124 Khusimol V. zizanioides -7.2 -
125 Ac1lb1ow V. zizanioides -7.1 -
126 Alpha-vetivone V. zizanioides -7.1 -
127 Cyclocopacamphenol V. zizanioides -7.1 457, 477
128 Epizizanone V. zizanioides -7.1 -
129 Khusol V. zizanioides -7.1 370
Table 2. Continued.
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No Compound names Plant species Binding energy (kcal/mol)
1 Phytosterols A. heterophyllum -6.9
2 Delphatines A. heterophyllum -6.7
3 Lycoctonine A. heterophyllum -6.6
4 Dl-borneol C. flexuosus -6
5 Citronellal C. flexuosus -5.7
6 Citral C. flexuosus -5.7
7 Methyleugenol C. flexuosus -5.6
8 Myrcene C. flexuosus -5.1
9 6-Methylhept-5-en-2-ol C. flexuosus -5
10 Triacontane C. flexuosus -4.9
11 Decanal C. flexuosus -4.8
12 Trans-2-Hepten-1-ol C. flexuosus -4.5
13 Beta-caryophyllene C. martinii -6.6
14 3-carene C. martinii -6.5
15 Carvylacetate C. martinii -6.4
16 P-cymene C. martinii -6.3
17 Alpha-terpineol C. martinii -6.3
18 Dihydrocarvone C. martinii -6.3
19 (-)-3-carene C. martinii -6.3
20 Beta-terpineol C. martinii -6.2
21 Perillyl alcohol C. martinii -6.2
22 D-carvone C. martinii -6.2
23 (-)-cis-carveol C. martinii -6.1
24 Cis,cis-farnesol C. martinii -6.1
25 Alpha-farnesene C. martinii -6.1
26 Limonene C. martinii -5.9
27 Eucalyptol C. martinii -5.8
28 Dihydrocarveol C. martinii -5.7
29 Geranyl acetate C. martinii -5.6
30 Geraniol C. martinii -5.3
31 6-Methyl-5-hepten-2-one C. martinii -5.2
32 6-Octen-1-ol, 3,7-dimethyl-, (R)- C. martinii -5.2
33 Geranyl butyrate C. martinii -5.1
34 (-)-Linalool C. martinii -4.9
35 2-Nonanol C. martinii -4.7
36 1,5-Hexadiyne J. adhatoda -5.4
37 2-(2,5-Hexadiynyloxy)tetrahydro-2H-pyran J. adhatoda -5.2
38 Heptasiloxane,1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethyl- J. adhatoda -5.1
39 Hexasiloxane,1,1,3,3,5,5,7,7,9,9,11,11-dodecamethyl- J. adhatoda -4.7
40 Octasiloxane,1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl- J. adhatoda -4.3
41 Pentasiloxane,1,1,3,3,5,5,7,7,9,9-decamethyl- J. adhatoda -4.3
42 Nirtetralin P. urinaria -6.9
43 Phyltetralin P. urinaria -6.9
44 Lintetralin P. urinaria -6.8
45 Hypophyllanthin P. urinaria -6.7
46 Syringin P. urinaria -6.7
47 Virgatusin P. urinaria -6.7
48 Dehydrochebulic acid trimethyl ester P. urinaria -6.6
49 Ferulic acid P. urinaria -6.5
50 5-demethoxyniranthin P. urinaria -6.5
Table 3. List of natural plant derived compounds whose binding energy is less than -7 kcal/mol when binds with SARS-COV-2 spike glycoprotein.
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Lipinski rule for validation of drug-likeness
Lipinski’s rule of 5 helps to find out drug likeness of any 
experimental compound. Five rules are (i) molecular 
mass of the drug should be less than 500 Dalton, (ii) high 
lipophilicity (expressed as LogP less than 5), (iii) less than 
5 hydrogen bond donors, (iv) less than 10 hydrogen bond 
acceptors, (v) molar refractivity should be between 40-130. 
The predictable drugs sites Lipinski Rule were checked 
by using SCFBio web-based database (Lipinski 2004).
Protein-protein docking
Spike glycoprotein (in free form and complex with selected 
phytochemicals) (Table 4) and ACE-2 were considered for 
protein-protein docking with receptor-binding domain 
(RBD) of the spike glycoprotein (S1 subunit) using HDOCK 
server (Yan et al. 2020). Precisely, the 19-41 amino acid 
resides of ACE-2 was employed for the docking with 417-
505 amino acids of spike glycoprotein S1 subunit. In total, 
four ACE-2 docking experiments were performed with 
spike glycoprotein as per specification stated in Table 4.
RESULTS AND DISCUSSION
Homologous structure prediction of spike glycopro-
tein and its validation
The study of molecular docking and the ligand-based 
No Compound names Plant species Binding energy (kcal/mol)
51 Cucurbic acid P. urinaria -6.3
52 Methyl gallate P. urinaria -6.2
53 Niranthin P. urinaria -6.2
54 4-O-Methylgallic acid P. urinaria -6
55 Phyllanthin P. urinaria -5.9
56 (6r)-menthiafolic acid P. urinaria -5.9
57 4-hydroxybenzaldehyde P. urinaria -5.7
58 5-hydroxymethylfurfural P. urinaria -4.6
59 Dl-tryptophan S. chirayita -6.9
60 Gentianine S. chirayita -6.6
61 Enicoflavine S. chirayita -5.5
62 Dl-arginine S. chirayita -5.2
63 Nonacosyl_hentriacontanoate S. chirayita -5
64 Octadecanoate S. chirayita -4.8
65 Glutamate S. chirayita -4.2
66 Amorphane V. zizanioides -7
67 6,12-Epoxy-elema-1,3-diene V. zizanioides -6.9
68 13-nor-4,5-Epoxyeudesm-6-en-11-one V. zizanioides -6.9
69 Bisabolane V. zizanioides -6.7
70 3-carene V. zizanioides -6.5
71 15-nor-Funebran-3-one V. zizanioides -6.5
72 Beta-pinene V. zizanioides -6.5
73 Cis-Isoeugenol V. zizanioides -6.5
74 Cyclocopacamphan-12-al V. zizanioides -6.5
75 Isobisabolene V. zizanioides -6.5
76 Nootkatol V. zizanioides -6.4
77 Alpha-terpineol V. zizanioides -6.3
78 2-Methoxy-4-vinylphenol V. zizanioides -5.8
79 4-vinylphenol V. zizanioides -5.8
80 Eucalyptol V. zizanioides -5.8
81 Eugenol V. zizanioides -5.6
82 O-cresol V. zizanioides -5.5
83 M-cresol V. zizanioides -5.4
84 Oleamide V. zizanioides -5
Table 3. Continued.
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computer-aided drug discovery approach involves energy, 
affinity and three-dimensional structural conformations-
based analysis of ligands interaction with the target of 
interest. The binding ability of a ligand molecule to a 
specific target site depends on occurrence of proper cleft, 
proper hydrogen bonding and the nature of residues 
present at the target site and their interactive energy bal-
ance (Tripet et al. 2004). The binding affinity of a ligand 
for a targeted receptor is measured by binding energy. 
Lower binding energy implies that binding affinity is 
high whereas higher energy endorses the reverse (Zhou 
et al. 2020). In the present study, three-dimensional (3D) 
homologous structure of spike glycoprotein was generated 
from the reference protein sequence (YP_009724390.1) 
using the cryo-EM structure (6VSB) through SWISS-
MODEL server and further analyzed through PyMol. 
PyMol is a molecular visualization tool; used here to align 
the predicted three-dimensional structure of the spike 
glycoprotein of SARS-CoV-2 into the cryo-EM structure 
of 6VSB. The Root-mean-square deviation (RMSD) of this 
model was computed as 0.278Å. Further, the predicted 
3D structure was validated through RAMACHANDRAN 
plot using PROCHECK. The result revealed that 85.9% 
belongs to the most favourable region, 12.2% in allowed 
region, 1.6% in the generously allowed region, and only 
0.3% in disallowed region (Fig. 1). Though cryo EM 
structure of SARS-COV-2 spike glycoprotein (6VSB) was 
available, some amino acids were not resolved properly 
at different locations due to its 3.46 Å resolution. To get 
the complete structure of spike, homology modelling was 
performed. Good quality structure with 98.1% residues 
at ordered form indicated the proper conformational 
packaging of protein. 
Assessment of binding affi  nity of 213 ligands with spike 
protein and their subsequent screening
A spike glycoprotein of SARS-COV-2 has three domains 
namely S1, S2 and N. The S2 domain intercedes the 
membrane fusion process and the S1 domain utilizes 
human angiotensin-converting enzyme-2 (hACE-2) as 
the receptor to infect human cells (Pandey et al. 2020). 
The literature review revealed that the receptor-binding 
domain (RBD) of the S1 subunit of spike protein binds 
with the target cell ACE-2 receptor and forms the RBD-
ACE-2 complex. According to recent report, ACE-2 could 
mediate SARS-CoV-2 binding by spike protein key resi-
dues of K417, G446, Y449, F486, N487, Y489, Q493, Q498, 
T500, N501, G502, Y505 (Walls et al. 2020; Wang et al. 
2020; Yan et al. 2020; Lan et al. 2020). In this in-silico 
study, we attempted to explore the binding affinity of 
213 phytochemicals in addition to remdesivir, lopinavir, 
chloroquine and hydroxychloroquine with the active site 
residues of the spike glycoprotein (Fig. 2A). The selection 
of the natural ligands of plant origin was primarily made 
on the basis of (i) minimal binding energy (<-7 kcal/mol) 
and (ii) formation of at least one H-bond with the active site 
residues (417-505) in the S1 subunit of the spike glycopro-
tein. These criteria were fulfilled by 23 compounds which 
were further blindly docked with whole spike glycoprotein 
Molecular docking complex HDOCK score RMSD value
Spike glycoprotein dock with ACE2 -360.86 0.51
Spike glycoprotein and rhamnocitrin dock with ACE2 -360.86 0.51
Spike glycoprotein and 1,5-dihydroxy-3,8-dimethoxyxanthone dock with ACE2 -243.15 481.28
Spike glycoprotein and laevojunenol dock with ACE2 -238.13 480.02
Table 4. Diff erent complex of spike glycoprotein (free and ligand bound) and ACE2 docking in HDOCK and their binding score.




(Table 1-2) to analyze the affinity of selected molecules at 
the active site of spike glycoprotein (417-505) instead of 
other cleft and pockets. It was evident that rhamnocitrin 
of P. urinaria, 1,5-dihydroxy-3,8-dimethoxyxanthone of 
S. chirayita, laevojunenol and khusinol of V. zizanioides are 
capable to bind with active site residues of the S1 subunit 
of spike glycoprotein (S) in 0 (zero) RMSD pose (Fig. 2). 
So, these three phytochemicals are the best ligand mol-
ecules for spike protein active site which restricts smooth 
interaction between spike and ACE-2.
The molecular docking study of spike protein with 
remdesivir revealed that this drug has the capability to 
bind with S1 domain through H-bond with the ARG403, 
ASP405 and ARG408 of B and PHE374, SER375 and 
TYR508 of C chain with binding energy of -8.1 kcal/
mol. However, though remdesivir binds with the spike 
protein at S1 domain, but the site of attachment is not 
the active site of spike protein. Lopinavir interacts with 
the S2 subunit through amino acid residues GLN957, 
THR961 and associated with binding energy of -11.8 
kcal/mol. Alongside, it was also revealed that chloroquine 
and hydroxychloroquine binds with LEU455, GLY485, 
PHE490,PRO491 and PRO559, PHE855, THR573, ILE587 
residues of S2 domain having the binding energy of -6.7 
and -6.3 kcal/mol, respectively (Table 3). It is evident that 
among the four drugs neither one is capable to bind at 
active site of spike glycoprotein.
The docking results were analysed based on a combi-
nation of binding energy, clustering score, shape comple-
mentarity, functional significance of the binding pocket 
and favourable interactions including H bonds.









300.26 3 6 2.2 77.272881
1,5-dihydroxy-3,8-dimethoxyxanthone B/GLU-406, B/GLN-409,
B/LYS-417
288.26 2 6 2.37 77.145782
Laevojunenol B/TYR-489 222.37 1 1 3.78 77.145782
Table 5. Physicochemical properties of natural plant derived compounds and their binding energy during molecular docking. Diff erent capital 
alphabets before amino acids indicate diff erent polypeptide chains.
Figure 2. Binding of (A) remdesivir, lopinavir, chloroquine and hydroxychloroquine and (B) rhamnocitrin, 1,5-dihydroxy-3,8-dimethoxyxanthone, 
laevojunenol and khusinol with SARS-CoV-2 spike glycoprotein.
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Validation of drug-likeness
Lipinski rule of five is a rule of thumb to check the drug's 
likeness of any chemical compound. It acts as a filter to 
screen potential therapeutic agents/drugs just at the initia-
tion of the program, thereby minimizing the labour and 
costs of clinical drug development and to a large extent 
prevents late-stage clinical failures (Raj et al. 2019; Pandey 
et al. 2020). In this study, three selected phytochemicals 
were examined for their drug-likeness in the light of 
the rules (Table 5). The results clearly demonstrated that 
rhamnocitrin, 1,5-dihydroxy-3,8 dimethoxyxanthone 
and laevojunenol qualified the rule.
Ligand binding eff ect analysis on spike glycoprotein-
ACE-2 interaction
Finally, the selected drugs were individually used to study 
effective inhibition of RBD-ACE2 complex formation. The 
interaction of spike glycoprotein with ACE-2 is depicted 
in Fig. 3. In order to verify the possible effect of the ligands 
in spike-ACE-2 interaction, the S glycoprotein-ligand 
docked complexes were further docked with ACE-2 
protein in HDOCK web server. HDOCK is a web server-
based protein-protein and protein-DNA/RNA docking 
tool. This web server based molecular docking revealed 
that the binding energy of spike protein-ACE-2 interac-
tion was –360.86 and rmsd value 0.51 which decreased 
to -243.15 and 481.28 rmsd for 1,5-dihydroxy-3,8-di-
methoxyxanthone, -238.13 and 480.02 for laevojunenol, 
-360.86 and 0.51 for rhamnocitrin separately pre-fixed 
with spike glycoprotein, respectively. Apart from the 
effect on binding energy, it was also evident that the 
binding of 1,5-dihydroxy-3,8-dimethoxyxanthone and 
laevojunenol triggers the shifting of interaction sites 
of both the partners from their active sites which may 
hamper the viral entry into human cell (Fig. 4). Also 
1,5-dihydroxy-3,8-dimethoxyxanthone of S. chirayita, 
laevojunenol of V. zizanioides binding pose being poor, 
these compounds can be considered as potential inhibitor 
of S-glycoprotein and human ACE-2 interaction.
CONCLUSION
In conclusion, we can state that the present computer-aided 
in-silico study of exploration of preventive drugs against 
COVID-19 revealed that natural herbal phytochemicals 
like rhamnocitrin; 1,5-dihydroxy-3,8-dimethoxyxanthone 
and laevojunenol of P. urinaria, S. chirayita, and V. zizanioides 
have immense potential to restrict the onset of SARS-
COV-2 disease due to their ability to interrupt the normal 
viral spike protein and ACE-2 interaction upon binding 
to the spike protein. The potential of 1,5-dihydroxy-3,8-
dimethoxyxanthone and laevojunenol was proved to be 
superior. Maybe these compounds will be useful as po-
tential preventive drugs, however, further experiments 
are necessary to validate their effects.
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Like other vertebrates, the activity of digestive enzymes in 
fish is influenced by the abiotic factors, such as tempera-
ture (Kuz’mina 1996), particular timing of day (Kuz’mina 
and Strelnikova 2008) and different seasons (Kofuji et 
al. 2005), and biotic factors, including the preference of 
food (Ugolev and Kuz’mina 1993), the age of the organ-
ism (Kuz’mina 1996), state of infestation with parasites 
(Izvekova and Solovyev 2012), etc. Hence, careful investi-
gation of the pattern of the digestive activity of different 
enzyme would provide not only the complete information 
of the digestive physiology of fish, but also the age, health 
and feeding ecology of the organism. The α-amylase and 
protease were one of the major digestive enzymes found 
in digestive tract (DT) of fish, which are widely studied 
for the above purpose.
In India and rest of South-East Asia, Rohu (Labeo 
rohita) has been the most preferred cultivable fish over 
many other freshwater species and extensively cultivated 
in India, Nepal, Bangladesh, Myanmar, Sri Lanka and 
Pakistan (Talwar and Jhingran 1991). This Indian Major 
Carp (Rohu), has always been receiving special attention 
as a potential animal crop over centuries for alleviating 
malnutrition in human populations because of its capabil-
ity to retain high amounts of vitamins and other micro-
nutrients at a reasonable cost (Mohanty et al. 2016). On 
the other hand, the cultivation of climbing perch (Anabas 
testudineus), locally known as Koi, is gaining importance 
as one of the most potential candidates for aquaculture 
because of its high market demand and greater consumer 
preference throughout all the seasons (Uddin et al. 2016). 
It is a good source of protein, fat, vitamins, amino acids 
and fatty acids (Bogard et al. 2015; Paul et al. 2017). Being 
an air-breathing fish, Koi is also a model of interest for 
several scientific studies for its low maintenance effort, 
as well as easy availability and hardy nature (e.g., Munshi 
et al. 2018). Wide spreading aquaculture of Koi has been 
a great demand among the entire Indian sub-continent 
including Bangladesh, Myanmar, and Indonesia.
Voluminous research works have been carried out on 
the growth and feeding biology of Indian Major Carps 
(see review Majumder and Saikia 2020). But, except few 
(e.g., Mandal and Ghosh 2010; Singh et al. 2018), these 
studies have not addressed the details of the digestive 
physiology, particularly the activity of the crucial diges-
tive enzymes along the digestive tract. These studies 
considered the whole intestine as an overall source of 
activity of a particular enzyme. As a result the specific 
region wise performance of an enzyme remains shad-
owed. Similarly, studies on Koi with regard to the effects 
ARTICLE
Characterization of amylase and protease activity in the 
digestive tract of two teleosts (Labeo rohita and Anabas
testudineus) with diff erent feeding habits
Sanjeet Debnath, Surjya Kumar Saikia*
Aquatic Ecology and Fish Biology Laboratory, Department of Zoology, Visva-Bharati, Santiniketan, West Bengal, India
Two teleosts (Rohu, Labeo rohita and Koi, Anabas testudineus), both with 
contrasting feeding habits (herbivorous versus carnivorous) were studied for amylase 
and protease activity concerning diff erent regions of their digestive tracts. Signifi cant 
diff erences in enzymatic activity across diff erent regions of the digestive tracts were 
observed. Rohu, with three equal regions of the stomachless gut, showed the highest 
amylolytic activity at the posterior digestive tract but the highest proteolytic activity is 
limited to mid region. Contrary to such observation, Koi with three distinct regions of 
the digestive tract (stomach, pyloric caeca and intestine), the pyloric caeca exhibited 
the highest specifi c activity for both amylase and total protease. The optimum pH and 
temperature conditions were determined concerning the activity for both amylase and 
























of toxicants on the digestive system were performed 
(Samanta et al. 2014; Kole et al. 2017). Banerjee and Ray 
(2018) reported the seasonal variation in the activity of 
digestive enzymes of Koi. However, these studies are not 
elaborate since these studies treated whole gut as site of 
activity of a particular enzyme. Of late, more precise 
explanation of digestive enzyme activity across the gut 
length of fish has been started (e.g., Weinrauch et al. 2019). 
More precise observation of the process of the activity of 
digestive enzymes will provide supportive information to 
improvise diet formulations for optimum supplementary 
feeding. In the present study, an attempt has been made 
to characterize region wise enzyme activities keeping 
in mind the optimum pH and temperature. This study 
establishes the optimum pH and temperature for amylase 
and protease activity in the tissue extracts of digestive 
tract from Rohu and Koi. The feeding habits of both the 
fishes were compared keeping in view of the activity of 
enzymes across different regions of digestive tract.
Material and methods
Experimental animals
A total of 20 fish were collected from local fish pond 
(23°37'N, 87°49'E) during February, 2020 using gill net 
(08:00-09:00) and brought alive to the laboratory. In 
laboratory fishes were kept unfed in glass aquaria (45 x 30 
x 30 cm, 30 L) for 24 hours before analysis. Throughout 
the experiment, the water temperature was 28.67 ± 1.87 
°C; dissolved oxygen 7.61 ± 0.26 mg/L; pH 7.48 ± 0.21; 
conductivity 623 ± 15.2 µS; photoperiod 12 :12 (light 
hour : dark hour).
Preparation of extracts
On the second day of collection, a small amount of food 
was introduced to stimulate the digestive function in the 
two fish species. After one hour, fish were euthanized with 
the help of ice-cold water and dissected on ice board. The 
DT was dissected out from esophagus to anus, washed in 
chilled distilled water and blotted with paper towel. For 
Rohu, the DT was divided lengthwise into three equal 
segments viz. anterior, middle and posterior starting from 
the esophagus to anus. Like Rohu, the short DT of Koi was 
also divided into three parts based on the morphological 
difference and identified as the stomach, pyloric caeca and 
intestine. Tissues were initially stored in -40 °C until use. 
Later, 10% tissue homogenate were prepared at 4 °C in a 
buffer containing 100 mM Tris-HCl, pH 7.4, centrifuged 
at 10 000 g at 4 °C for 10 min, and the supernatants (or 
the DT extracts) were collected carefully.
Estimation of digestive enzymes
Amylase
The activity of amylase was measured following the 
method of Bernfeld (1955) using potato-starch as the sub-
strate. The specific activity was expressed as the measure 
of unit activity per µg protein, where one-unit activity 
was the amount of enzyme required to liberate 1 µg of 
maltose per hour form the assay mixture.
Protease
Casein was used as substrate to measure the activity of 
protease according to Walter (1984). One unit of enzyme 
activity in each sample was expressed as the amount of 
enzyme required to liberate 1 µg of tyrosine in one hour 
per µg protein. Method suggested by Lowry et al. (1951) 
was followed to estimate the amount of total protein in 
the DT extracts.
Optimal range of pH and temperature 
Firstly, the individual optimum pH for each type of 
enzyme from different region of DT was determined 
spectrophotometrically using a range of buffer solutions 
(pH 1.0 to 10.0) as the assay medium. The buffers used 
were as follows: 0.2 M KCl-HCl buffer (pH 1.0 and 2.0), 
0.2 M glycine-HCl buffer (pH 3.0), 0.1 M citrate buffer 
(pH 4.0, 5.0, 6.0), 0.2 M Tris-HCl buffer (pH 7.0, 8.0, 9.0), 
0.2 M glycine-NaOH (pH 10.0), respectively. Finally, the 
optimal temperatures for the same digestive enzymes 
were determined by measuring their activity at several 
temperatures starting from 20 °C to 45 °C with 5 °C 
interval where, the pH condition was kept constant to 
the previously determined optimum level. The spectro-
photometric enzyme activity assays were performed in 
triplicate. 
Data analysis
Data from the replicates for digestive enzymes were 
combined for statistical analysis. One-way ANOVA was 
performed and multiple comparisons between mean values 
were made using Tukey's post hoc test. The alpha level 
Digestive tract (DT) Specific activity (U/mg protein)
Amylase Total protease
Anterior DT 0.400 ± 0.005a 0.316 ± 0.005c
Mid DT 0.246 ± 0.004b 0.523 ± 0.016a
Posterior DT 0.182 ± 0.022c 0.483 ± 0.012b
Table 1. Activity of amylase and protease in different sections of the 
digestive tract of L. rohita (n = 10). Values are expressed as mean ± 
SE.  Means with different alphabets within a group show statistically 
significant difference at p < 0.05.
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was maintained less than 0.05 for all statistical analysis. 
Results are reported as mean values with SD. Minitab 18 
was used for all statistical analysis.
Results
Measurement and distribution of digestive enzymes
The activity of amylase and protease from different parts 
of DT in Rohu is summarized in Table 1. Amylase activity 
in the anterior DT was much higher than the rest. The 
mid DT showed significantly less amylolytic activity than 
the anterior part (p < 0.05) but, had higher activity when 
compared to the posterior region. On the other hand, in 
the mid DT, the protease activity was much higher than 
that in other parts. Levels of protease activity were in 
descending order in the DT were as follows: mid DT, 
posterior DT, and anterior DT. The distribution of the 
activity of amylase and protease in different digestive 
locations throughout the DT in Koi are summarized in 
Table 2. The pyloric caeca showed the maximum amylase 
activity followed by the intestine and stomach. Also, for 
proteolytic activity, pyloric caeca showed the dominant 
portion of the DT. There are no significant (p < 0.05) 
difference between the total digestive protease activity 
in stomach and intestine.
Characteristics of amylase and protease
The results showed that the optimum pH value for amylase 
activity was 8.0 in both the anterior and mid DT in Rohu 
(Fig. 1a). On the other hand, the last segment of the DT 
showed an optimum pH of 7.0 for the amylolytic activity. 
The optimal temperature for amylase activity was 35 °C 
throughout the DT (Fig. 1b).
Proteolytic enzyme showed optimum activity at pH 
8.0 in both anterior and middle region of the DT in Rohu 
(Fig. 1c). However, the posterior region of the DT showed 
the highest proteolytic activity at pH 7. The optimum 
temperature for proteases, found in the DT of Rohu, to 
achieve the maximum activity was 35 °C (Fig. 1d)
In Koi, the optimum pH value, at which the amylase 
activity peaked the highest value was 3 in both stomach 
and pyloric caeca (Fig. 2a). In intestine, the highest activ-
ity of amylase was found at pH 8.0. Protease activity was 
at its peak in stomach at pH 2.0. In both pyloric caeca 
and intestine, pH 7.0 was recorded as optimum value for 
highest activity (Fig. 2c). The optimum temperature for 
both amylase and protease activity were 35 °C (Fig. 1b, 
1d) throughout all regions of DT.
Discussion and conclusions
Biochemical studies of the digestive enzymes reflect the 
dietary specializations of the respective organism (Day et 
al. 2011). The present study aimed to study the ability to 
digest dietary carbohydrate and protein by two freshwater 
teleosts with different feeding habits and topologically 
dissimilar DTs. It also aimed to establish the optimum 
pH and temperature for the studied digestive enzymes 
along different parts of their DT. In the current study, 
the highest amylase activity was reported in the ante-
rior DT for Rohu, and the activity was apparently twice 
than the mid and posterior DT. Here pancreatic amylase, 
which is found in association to hepatopancreas act as 
source of higher activity of amylase. It is known as the 
primary glucosidase available in fish (Candiotto et al. 
2018). Fishes generally lack the salivary amylase prevalent 
Digestive tract (DT) Specific activity (U/mg protein)
Amylase Total protease
Stomach 0.099 ± 0.014b 0.285 ± 0.004b
Pyloric caeca 0.175 ± 0.004a 0.308 ± 0.001a
Intestine 0.113 ± 0.002c 0.281 ± 0.001b
Table 2. Activity of amylase and protease in different sections of the 
digestive tract of A. testudineus (n = 10). Values are expressed as mean 
± SD.  Means with different alphabets within a group show statistically 
significant difference at p < 0.05.
Figure 1. Effect of pH and temperature on the activity of amylase and 
protease of L. rohita. Fig. 1a and 1b represent effect of pH and tem-
perature on relative specific activity of digestive amylase respectively. 
Fig. 1c and 1d represent effect of pH and temperature on relative 
activity of total protease, respectively. Enzyme activity was expressed 
as relative specific activity (RSA). RSA% = (Zi/Zmax) x 100 [Zi = enzyme 
activity at specific pH or temperature value; Zmax = maximum enzyme 
activity]. In all cases, n = 10.
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in mammals, but intestinal α-amylase is produced in the 
exocrine pancreas (Krogdahl et al. 2005). Day et al. (2011) 
found a similar pattern of amylase activity in Arrhamphus 
sclerolepi krefftii, which was again a stomachless herbivore 
fish. Similar result was observed by Parra et al. (2007) for 
α-amylase in Pacific bluefin tuna Thunnus orientalis under 
culture conditions. Hidalgo et al. (1999) observed higher 
activity of amylase in omnivorous species Cyprinus carpio 
and found that amylase activity determined in the hepa-
topancreas of carp was high compared to digestive tract. 
It is known that amylase activity depends on the natural 
diet of fish species, and herbivorous and omnivorous fish 
have more amylase activity than carnivorous fish (Liu et 
al. 2016). Being an herbivore, Rohu has to consume a lot of 
plant materials rich in starch. Moreover, Ray et al. (2010) 
reported that Rohu has a sac like region (intestinal bulb) 
in the anterior portion of the DT, which is responsible for 
the temporary storage of the ingested food material. The 
requirement of high amylolytic activity in the anterior 
DT can be linked with the storage of plant based food at 
this region. Moderate amylolytic activity was enough for 
the breakdown of starch in the mid and anterior portion 
because the fish has a long DT. The longer the length of 
the DT the greater the chance of the action of digestive 
enzymes in herbivore fish and it may compensate the low 
specific activity of digestive enzyme. On the other hand, 
the results revealed that the pyloric caeca of Koi is the 
most active site for both α-amylase and proteases. Similar 
result was reported in the study of Caruso et al. (2009), 
where the amylase and total protease activity in pyloric 
caeca of starved blackspot seabream (Pagellus bogaraveo) 
were potentially higher than the rest parts of the DT. The 
overall activity of amylase was higher in Rohu than Koi. 
This fact is in agreement with the popular principal that 
the amylase activity is always higher in the herbivorous 
fish species when compared to the carnivorous ones 
(Krogdahl et al. 2005).
The optimum pH for amylase activity in the Rohu 
was 8.0 for both the anterior and mid DT but at the 
posterior region of the DT, it was 7.0. However, in Koi 
the maximum activity of digestive amylase was obtained 
at pH 3.0 in stomach in addition with some significant 
activity of digestive amylase was also found at the range 
of pH 7.0 to pH 9.0. Subsequently the pyloric caeca and 
the intestine of Koi showed the optimum amylolytic activ-
ity at pH 8.0, having a relatively weak tendency towards 
acidic amylase activity. Study of several authors (Parra 
et al. 2007; Xiong et al. 2011; Champasri and Champasri 
2017) in different fish reveals that the general trend of 
digestive amylase activity picks at natural or alkaline 
pH in the intestine, and in stomach the amylase activity 
was slightly acidic (Munilla-Moran and Saborido-Rey 
1996; Fernández et al. 2001; Xiong et al. 2011). Besides, 
diverse feeding habits of Koi may be one of the reasons 
of the activity observed within a wider range of pH. The 
amylase activity has been reported within a wide range 
shows quite different feeding habits (Kawai and Ikeda 
1971; Kuz’mina et al. 1996).  Highest activity of amylase 
recorded at 35 °C in all parts of the DT in both fish spe-
cies. It is known that temperature ranging from 30 °C to 
around 55 °C was responsible for amylase activity in wild 
fish (Ugolev and Kuz’mina 1993; Parra et al. 2007; Xiong 
et al. 2011; Champasri and Champasri 2017; Candiotto 
2018). But, in most cases, temperature of gut lumen in 
fish is closely linked to that of the environment as well as 
the water temperature and may have manifold effects on 
fish digestion (Munilla-Moran and Saborido-Rey 1996).
In the present study total proteolytic activity of both 
Rohu and Koi were measured. Study on proteolytic ac-
tivity means the study of pepsin, trypsin, chymotrypsin, 
aminopeptidase, carboxypeptidase that, which act as a 
battery of enzymes (Torrissen 1987; Unajak et al. 2012). 
In Rohu, highest activity of protease was found in mid 
region of the DT followed by the posterior region. The 
lowest activity was found in the anterior DT. Day et al. 
(2011) made a similar observation in another stomach-
less fish Strongylura krefftii, where proteases were more 
Figure 2. Eff ect of pH and temperature on the activity of amylase 
and protease of A. testudineus. Fig. 2a and 2b represent eff ect of pH 
and temperature on relative specifi c activity of digestive amylase, 
respectively. Fig. 2c and 2d represent eff ect of pH and temperature 
on relative activity of total protease, respectively. Enzyme activity was 
expressed as relative specifi c activity (RSA). RSA% = (Zi/Zmax) x 100 [Zi = 
enzyme activity at specifi c pH value; Zmax = maximum enzyme activity]. 
In all cases, n = 10.
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active at mid and distal intestine than the proximal parts. 
However, in Koi the proteolytic activity of the stomach 
and the intestine showed no significant difference but for 
the stomach the optimum activity achieved at acidic pH, 
whereas in the intestine the highest activity was taken 
place at the neutral pH. Similar result was obtained in case 
of Glyptosternum maculatum, where protease activity was 
highest in stomach followed by anterior intestine (Xiong 
et al. 2011). In contrast to stomachless fish, proteolytic 
activity is highest in low pH condition when a stomach 
is present in fish (Kuz’mina 1990; Hidalgo et al. 1999).  
On the other hand, the pyloric caeca in Koi exhibited 
maximum proteolytic activity at neutral pH (pH 7.0) and 
in compared to stomach (highest activity at pH < 2.0), the 
proteolytic activity in intestine and pyloric ceaca were 
far higher at neutral pH. Thus the proteolytic digestion 
in Koi takes place near neutral environment outside the 
stomach. In general, the maximum activity of protease at 
highly acidic pH in the stomach may be due to the stomach 
was bearing the gastric cells. Earlier, Lobel (1981) noted 
that the fish with a thin-walled stomach, with ability to 
considerably widen in the presence of large food items, 
the gastric pH was lower than in fish with a thick-walled 
stomach.  Apparently, Koi maintains an ability to digest 
protein food in all the components across the gut with 
variable pH. Such adjustment is often noticed in fishes 
with diversified food habits (Moyano et al. 2001). The 
optimum pH for total protease activity was 8.0 in both 
the anterior and mid region of the DT of Rohu, but the 
posterior portion showed optimum proteolytic activity 
at pH 7.0. It gives clear indication that neutral to alkaline 
range of pH has been the environment of gut in Rohu for 
protease digestion. The absence of stomach may be the 
probable reason why Rohu lacks acidic protease activity. 
These findings were similar with other findings where 
the optimum activity was close to pH 8.0 (Hidalgo 1999; 
Pena et al. 2015; Aissaoui et al. 2017). All three regions 
showed some degree of acid protease activity at pH 5.0 
to pH 6.0. In the case of the current study, the maximum 
activity of protease was found to be at 35 °C and it was 
somewhat in agreement with the study of Ugolev and 
Kuz’mina (1993), Munilla-Moran and Saborido-Rey (1996) 
and Aissaoui et al. (2017), where they showed the activ-
ity of proteases falls within a range of 35 °C to 40 °C in 
various other fishes.
Although the observations here are compared for 
herbivorous versus omnivorous fish species and variable 
ranges of optimal activity of enzymes are presented under 
different pH as well as temperatures levels, it is to be kept 
in mind that there are different other factors, like time of 
ingestion of food, environmental temperature, emptiness 
of the stomach, food types available in the stomach for 
omnivorous, age of fish etc to effect the release of diges-
tive enzymes at different frequencies throughout the gut 
(Solovyev et al. 2017). Nevertheless, it is also possible that 
the existence of more than one peak of optimal pH found 
in the above cases of Rohu and Koi indicates the possible 
existence of isoenzymes. Optimum pH and temperature 
for the enzyme activity varies along different regions of 
the DT (Fernández et al. 2001; Xiong et al. 2011; Solovyev 
et al. 2015) and within different fish (Fernández et al. 
2001; Alarcón et al. 2001) as several isoforms may pos-
sibly present for a particular enzyme.
There is a strong relationship between the environ-
ment and the internal physiological state of fish, as it is an 
ectothermic aquatic organism. Concerning this relation, 
the internal physiological environment of the fish also 
modulated or affected by the environmental conditions. 
Various seasons are with various temperatures and as a 
rule of thumb, pH decreases with an increase in tempera-
ture. So, the self-adjustment of the ectothermic aquatic 
animal obviously affects its gastrointestinal digestive 
purpose accordingly (Solovyev and Izvekova 2016). Our 
study mainly conveyed the unique pattern of the complete 
activity of amylase and protease from different positions 
along with the DT of L. rohita and A. testudineus across a 
series of pH and temperature values. We established the 
specific distribution of major digestive enzymes working 
in various digestive sections in the studied fish species. 
The study also demonstrated typical patterns of varying 
activity depending on location in the digestive tract, pH 
and temperature. It is the primary study of the digestive 
physiology of L. rohita and A. testudineus, and further 
research should be carried out to learn greater details 
regarding its digestion and nutrition. In this context, 
this study surely going to guide the researchers who are 
working with the diet preparation or feed formulation 
of the studied fish species.
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Rodent pests, distributed worldwide, are a huge menace in 
that they affect human health by spreading diseases and 
human welfare by damaging food crops and stored food 
grains. Soft-furred field rat, Millardia meltada, is one such 
rodent pest widely distributed in India, Pakistan, Nepal, 
Bangladesh and Sri Lanka, mostly found in gravelly areas, 
bunds of fields, largely cultivated areas of tropical and 
sub-tropical dry deciduous forests, tropical grasslands, 
irrigated croplands and grasslands with gravel, wherein 
the preferred habitats are agriculture lands, water courses, 
embankments, and dry rocky hills. This rat’s infestation 
causes pre-harvest losses of up to 1-10% in rice and wheat 
crops (Greaves 1989). The very high reproductive fitness 
of rats in general and field rat in particular overrides the 
conventional pest control strategies whereupon control of 
this pest has been gruesome. Effective olfactory (chemi-
cal) communication between male and female rats plays 
a vital role in this high reproductive fitness (Archunan 
2009). In most mammals, the olfactory communication 
is mediated by pheromones which are emitted into the 
environment via urine, feces, saliva, and the secreted 
fluids of diverse integumentary scent glands. Latero-
caudal, supraorbital, orbital, circumcaudal, infracaudal, 
preputial, clitoral, armpit, metatarsal, tarsal, preorbital, 
interdigital, flank, cheek, chin, anal, perineal, ventral, mid-
ventral, supracaudal, etc. are some such integumentary 
scent glands. They are located under the dermal layer of 
the skin (Balakrishnan and Alexander 1985; Archunan 
and Ponmanickam 2010; Rajagopal and Archunan 2011; 
Alexandre-Pires et al. 2014; Yilmaz et al. 2017). 
Among the integumentary scent glands of rats prepu-
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The present study was an attempt to understand the sexual dimor-
phism of the integumentary scent glands of soft-furred fi eld rat Millardia meltada from 
the perspectives of anatomy, morphology and histology with view to correlate with the 
sex-specifi c pheromones they produce. The scent gland of male is known as preputial 
gland, and female, the clitoral gland.  The rats, that are agricultural pests were fi eld 
caught, the glands of males and females of almost identical size were dissected out, 
and subjected to gravimetric, morphometric and histological analyses. Both glands are 
yellowish-brown, pear-shaped, and dorsoventrally compressed. The mean weight, length 
and width of preputial glands are signifi cantly (p < 0.05) larger than that of the clitoral 
glands. The preputial gland is composed of sebaceous glandular lobules and apocrine 
glandular lobules whereas the clitoral gland is formed only of sebaceous glandular lobules. 
The sebaceous glandular lobules of both preputial and clitoral glands are fi lled with a 
wax-like material. Thus, the scent glands of the soft-furred male fi eld rats exhibit sexual 
dimorphism in respect histoarchitecture of the glands and the nature of the secretory 
material. This sexual dimorphism of the scent glands may refl ect control by male and 
female sex hormones impinging on specifi c roles as sex attractant pheromones.

























tial glands in the male and clitoral glands in the female 
are very prominent (Kannan et al. 1998; Kannan and 
Archunan 2001; Archunan and Ponmanickam 2010). 
These two glands are the prime sources of pheromones 
in rats and have several critical functions including con-
specific attraction through releasing specific volatiles 
as well as non-volatile substances, mother-young bond-
age, etc. (Archunan 2009; Archunan and Ponmanickam 
2010). According to Zhang et al. (2008) the male rats 
are attracted towards the females by odors emanating 
from the clitoral gland and this attraction is more at the 
time of estrus than the other phases of the reproductive 
cycle. Achiraman et al. (2011) found the concentration 
of squalene to be significantly higher in clitoral gland 
secretion at the time of estrus which, therefore, could 
be an ovulation-indicating chemosignal in female rat. 
Zhang et al. (2008) identified farnesol in female rats and 
squalene in male rats as the major chemosignals. The 
predominant pheromone compound farnesol and its car-
rier protein α2u-globulin have been reported in preputial 
gland secretion of the laboratory rat (Ponmanickam and 
Archunan 2006; Ponmanickam et al. 2009; Ponman-
ickam et al. 2010) and house rat (Kamalakkannan et al. 
2006; Rajkumar et al. 2010). The preputial gland becomes 
atrophied after castration, and testosterone replacement 
restores it to its the original size, which suggest that 
the preputial gland and the glandular proteins, visa vi 
pheromone carrier protein, are testosterone dependent 
(Kamalakkannan et al. 2006; Ponmanickam et al. 2010). 
It is interesting to note that rat pub preputial gland re-
leases a pheromone, dodecyl propionate, which regulates 
the maternal anogenital licking behavior that forms an 
aspect of the mother-young bond (Brouette-Lahlou et 
al. 1999; Ponmanickam et al. 2009). The preputial gland 
also enhances the poison bait efficiency by inhibiting 
the bait shyness when tested in house rat (Selvaraj and 
Archunan 2006).  
The histomorphology of male preputial and female 
clitoral glands has been studied in a very few rat and 
mouse species. For instance, Knoblaugh et al. (2018) 
found that the preputial glands of rats and mice are 
lobulated and consist of a connective tissue capsule that 
surrounds large, cavernous ducts lined by stratified 
squamous epithelium and acini. The acini are com-
posed of eosinophilic, pale, foamy, secretory sebaceous 
cells with dark nuclei and peripheral, flat, elongated 
basal cells (Ponmanickam et al. 2016). Gourbal and 
Gabrion (2006) investigated the histomorphological 
alterations induced by the parasite (Taenia crassiceps) 
in male preputial and female clitoral glands of mice, 
and found disorganization of the acinar cells of male 
preputial gland, but no impact was reflected in the 
histomorphology of the female clitoral glands. It was 
suggested that this difference between infected male 
and female mice might be related to the different sex 
hormones (Gourbal and Gabrion 2006). According to 
Ramachandran et al (2018) the histological preparations 
of the preputial gland of M. meltada show acinar cells 
with sebum. Immunohistochemical analysis revealed 
the presence of α2u-globulin, the carrier protein, in the 
sebum. The sebum is secreted into the central duct of 
the preputial gland and excreted through the urethra 
when it contains volatile compounds (e.g., farnesol and 
6-methyl-1-heptanol) for chemical communication. 
Barring this, there has been no focused study of com-
parative histomorphology of male preputial glands and 
female clitoral glands. Hence, the present investigation 
was taken up to explore the sex-specific differences in 
the histomorphology of preputial and clitoral glands of 
soft-furred field rat, M. meltada.
Materials and Methods
Animal 
Adult male and female rats Millardia meltada were col-
lected from paddy fields in and around Madurai and 
Tiruchirappalli districts and housed separately in poly-
propylene cages (40 x 25 x 15 cm) with rice husk to 2 cm 
height as bedding material, at 12 h light: 12 h dark cycle, 
and temperature 24 ± 1 °C, when they were fed with 
formulated rat pellet food (Sai Durga Feeds and Foods, 
Bangalore) and water ad libitum. The bedding material 
was changed twice a week. The study was conducted 
under approval from the Institutional Animal Ethics 
Committee (IAEC) of Bharathidasan University, Ti-
ruchirappalli, India (Approval No. BDU/IAEC/2012/71).
Dissection of preputial and clitoral glands 
Six adult intact male and female rats were dissected under 
sodium pentabarbital anesthesia (Fig. 1). The preputial 
and clitoral glands were removed carefully, and the rats 
were sacrificed under excess ketamine (2 mg/kg, iv). The 
length and width of the glands were measured using a 
graph sheet, and then weighed in a monopan balance 
(Rajagopal and Archunan 2011). 
Histological study
Immediately thereafter the glands were fixed separately 
in Bouin’s fluid and subjected to routine histological 
analysis (Humason 1979). After several changes of 70% 
alcohol, until the yellow color of Bouin’s fluid disap-
peared, the tissues were dehydrated by passing through 
ascending grades of alcohol, cleared in xylene, infiltrated 
with molten paraffin, and finally embedded in paraffin 
wax. Transverse and longitudinal sections at 3-5 μm 
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thickness were obtained using a rotary microtome (Leica, 
Germany). The sections, thus obtained, were stained in 
Harris hematoxylin and eosin, dehydrated using alcohol, 
cleared in xylene and mounted in DPX adhesive resin.
Data processing
The data with respect to length, width and weight were 
used to calculate the respective means and standard de-
viations. Paired sample t-test was conducted and p value 
less than 0.05 was taken to indicate significant difference.
Results
Morphological observation
The scent glands are located underneath the dermis and 
embedded in the subcutaneous fat.  The preputial glands 
are bilateral and located in the subcutaneous adipose 
tissue, laterocranial to the penis (Fig. 1A), while the 
clitoral glands are situated on either side of the clitoris 
and immediately adjacent to the inguinal portion of the 
mammary gland (Fig. 1B). The paired glands (both pre-
putial and clitoral) are yellowish-brown, pear-shaped, 
and dorsoventrally compressed. The preputial gland of 
adult male rat measured 14.16±3.81 mm long, and 4.41 ± 
1.05 mm wide and weighed 132.6 ± 12.10 mg. The clitoral 
gland of adult female rat measured 11.25 ± 2.13 mm long, 
and 2.95 ± 0.75 mm wide and weighed 97.5 ± 10.85 mg. 
Thus, the morphometric parameters [length: t = 10.03, 
df = 11; width: t = 5.99, df = 11 and weight: t = 13.47, df 
= 11] of preputial and clitoral glands differ significantly 
(p < 0.05) (Fig. 2).
The density and diameter of sebaceous glands were 
found to vary between preputial gland of male and clitoral 
gland female rats under microscopic investigation. The 
paired t-test clearly showed that the density of sebaceous 
gland is significantly (t = 7.97, df = 11, p < 0.05) higher in 
male preputial gland (14.65 ± 1.14 units/mm2) than the 
female clitoral gland (8.35 ± 0.52 units/mm2). Further, 
the diameter of sebaceous gland varied significantly (t = 
13.58, df = 11, p < 0.05) in the male preputial gland (29.90 
± 1.56 µm) compared to female clitoral gland (18.71 ± 
µm). The density (6.44 ± 0.48 units/mm2) and diameter 
(24.69 ± 0.88 µm) of apocrine gland was also noted in the 
preputial glands of male rat. 
Histological observation
The secretory units of preputial gland are formed of se-
Figure 1. Ventral dissection of male (A) and female (B) soft-furred 
field rat, Millardia meltada, showing preputial and clitoral glands, 
respectively. Bar = 1 cm
Figure 2. Mean values of the morphometric parameters (length, width, 
and weight) of male preputial (PG) and female clitoral glands (CG). *p 
< 0.05, preputial gland (PG) compared to clitoral gland (CG).
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Figure 3. Hematoxylin-eosin-stained sections of preputial gland of male rat. A, Sebaceous glandular lobular portion; B, Apocrine glandular lobular 
portion; C, Ordinary sebaceous glandular lobules; D, Modified sebaceous glandular lobules; E, Sebaceous glandular portion with a secretory 
acinus with the lumen distended with secretory material released from the cells by necrosis. Abbreviations: ED: Excretory duct; E: Epidermis; SG: 
Sebaceous gland; AG: Apocrine gland; NHGL: Normal alveolar holocrine glandular lobules; SA: Serous acini; MA: Mucus acini; LD: Lipid droplets.
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baceous secretory lobules and apocrine secretory lobules 
(Fig. 3A, B). On the other hand, the secretory units of 
clitoral glands are only sebaceous glandular lobules (Fig. 
4A). The sebaceous secretory gland lobules of preputial 
as well as clitoral glands are formed of both ordinary and 
modified sebaceous glandular lobules (Fig. 3C, D; Fig. 4B, 
C). The ordinary sebaceous glandular lobules are small 
and superficially located. The secretory acini formed of 
the modified sebaceous glandular lobules are teardrop-
shaped and very large as compared to acini formed of 
the ordinary type of glandular lobules. The modified 
sebaceous glandular lobules consist of four types of cells: 
peripheral cells, differentiating cells, mature cells and 
necrotic cells. Peripheral cells are flat with oval nucleus 
and form a thin layer. Differentiating cells are large, 
polyhedral in shape, and contain centrally located nucleus 
in the eosinophilic cytoplasm. The differentiating cells 
progressively transform into mature cells which have a 
foamy cytoplasm. Necrotic cells possess pyknotic nuclei 
and on lysis release the content into the lumina. 
Figure 4. Hematoxylin-eosin stained sections of clitoral gland of female rat. A, Sebaceous glandular lobules; B, Ordinary sebaceous glandular 
lobules; C, Modified sebaceous glandular lobules; D, Sebaceous glandular portion with a secretory acinus distended with secretory material 
released from cells by necrosis. Abbreviations: ED: Excretory duct; E: Epidermis; SG: Sebaceous gland; NHGL: Normal alveolar holocrine glandular 
lobules; SA: Serous acini; MA: Mucus acini; LD: Lipid droplets.
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In both preputial and clitoral glands the secretory 
material of sebaceous cells is released by holocrine mecha-
nism into the branched tubuloalveolar system wherein the 
secretory acini open into numerous lateral ducts that fuse 
to form a wide central duct through which the secretion 
is conveyed to the lumen of the pouch (Fig. 3E; Fig. 4D). 
At the distal end of the gland the central duct, contain-
ing membrane-bound secretory granules, opens onto the 
skin at the transition of the parietal layer of the prepuce 
and the end of the urethra in the tip of the penis in the 
case of preputial gland and vagina in the case of clitoral 
gland. The sebaceous type acinar cells look foamy, with 
small granules in the cytoplasm. The glandular epitheli-
oid acini are composed of flat basal cells adjacent to the 
basement membrane and lateral to the secretory cells in 
the central parts of the acini. The cells are closer to the 
center of the alveoli and become progressively large, and 
the cytoplasm is distended with fat droplets due to which 
the cytoplasm takes honeycomb-like appearance (Fig. 3C, 
D; Fig. 4B, C). The apocrine secretory units of preputial 
glands consist of an inner layer of cuboidal cells that rest 
directly on the basement membrane and an outer layer 
of myoepithelial cells. The cuboidal cells that line the 
secretory acini possess acidophilic vacuolated cytoplasm 
and spherical, centrally located nucleus. The cells often 
exhibit apical protrusions. The secretory material is 
released in the form of droplets by apocrine mechanism 
and get stored in the lumina (Fig. 3B). 
Discussion
The significant difference of the morphometric param-
eters (i.e., length, width, and weight) between preputial 
and clitoral glands is to be perceived as manifestation of 
the sexual difference of the pheromone secreting glands 
between male and female soft-furred field rat which is in 
agreement with the condition in Iranian sheep (Abbasi 
et al. 2009), Egyptian sheep (Awaad et al. 2015), Awassi 
sheep (Yilmaz et al. 2017), and Bandicoot rat (Ponman-
ickam et al. 2016). In another context, the preorbital gland 
length, width and weight were higher in dominant male 
(i.e., adult) than subordinate male (i.e., sub-adult and 
adolescent) blackbucks (Rajagopal and Archunan 2011). 
According to Zhang et al. (2008) the scent glands of rats do 
not exhibit sexual differences, but gonadectomy resulted 
in significant decrease of size of the scent glands of both 
sexes. The dominant male mice are characterized by higher 
testosterone levels and heavier preputial glands than 
subordinate male mice (Mckinney and Desjardins 1973). 
Further, the diameter of sebaceous gland has a higher in 
size in male preputial gland compared to female clitoral 
gland. It is reported that the higher development of the 
sebaceous gland in the male fallow deer could depend on 
the higher social responsibility (dominance hierarchy) / 
production of testosterone (Schaal 1982; Moawad 2016). 
Therefore, the larger size and higher weight of male 
scent gland are to be taken to reflect manifestation of 
the androgen-support. These findings indicate that the 
size of scent glands is influenced by sex hormones and 
function to express their respective reproductive statuses 
to the opposite sex. 
Microscopic examination of preputial and clitoral 
glands revealed a clear fibrous capsule around each. The 
histological structure of preputial gland is heterogeneous 
in that it has holocrine sebaceous and apocrine secretory 
cells, whereas sebaceous secretory cells alone are present in 
the entire clitoral gland. This is a clear histomorphologi-
cal manifestation of sexual dimorphism. Similar findings 
have been made on intermandibular glands of lesser mouse 
deer (Agungpriyono et al. 2006), infraorbital gland of the 
barking deer (Adnyane et al. 2011) and preorbital gland 
of the blackbuck (Rajagopal and Archunan 2011), but the 
finding contradicts the observation made on infraorbital 
glands of the Japanese serow (Atoji et al. 1987), and For-
mosan serow (Atoji et al. 1996) and interdigital glands of 
sheep (Misk and Misk 2013). According to Zhang et al. 
(2008) rat male scent gland secretion is rich in squalene 
compared to female gland, whereas farnesol content was 
lower in male scent gland than female gland. Squalene is 
a female-attractant and farnesol a male-attractant. Thus, 
these compounds are sex-specific (Zhang et al. 2008). One 
of our studies showed that the amount of protein was 
higher in preputial glandular secretion than clitoral gland 
(Archunan et al. 2004).  In addition, though the 20 kDa 
protein was found in both male and female scent glands 
of rat, the intensity was higher in male than female and it 
was suggested that this protein is indeed a sex-associated 
protein (Archunan et al. 2004). Thus, this study substan-
tiates histological difference between the preputial and 
clitoral glands of soft-furred field rat indicating sexual 
dimorphism. We suggest that the sex-specific nature of 
pheromone and protein may be due to the variations in 
the histoarchitectutre of the glands and sex hormone-
dependence of their morphology and secretion.    
As far as sebaceous secretory portion of both preputial 
and clitoral glands are concerned, we found ordinary as 
well as modified glandular lobules. The modified seba-
ceous glandular lobules have been found in the scent glands 
of several mammalian species such as antelope Madoqua 
sp. (Richter 1971), antelope/red duiker Cephalophus na-
talensis (Mainoya 1978), royal antelope Neotragus pygmaeus 
(Kuhn 1976), steenbok Raphicerus campestris (Cohen and 
Gerneke 1976), and oribi Ourebia ourebi (Sokolov et al. 
1994). Nevertheless, both modified and ordinary sebaceous 
glandular lobules produce sebum which is an oily/waxy 
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substance documented to be concerned with olfactory 
communication in several mammals (Rajagopal and 
Archunan 2011; Yilmaz et al. 2017; Ramachandran et al. 
2018; SankarGanesh et al. 2018). The modified sebaceous 
glandular lobules of the preputial glands of male mouse are 
larger than in the female clitoral glands, and this feature is 
greatly influenced by a variety of hormones (Bronson and 
Caroom 1971). An immunohistochemical study revealed 
the presence of α2u-globulin in the sebum produced in 
modified sebaceous glandular lobules of preputial gland. 
The sebum is discharged by holocrine mechanism into the 
central duct of the preputial gland and excreted through 
the urethra. The putative pheromones (e.g., farnesol) are 
bound to the α2u-globulin (Ramachandran et al. 2018). 
Ilayaraja et al. (2014) conducted research to confirm 
that farnesol binds with the α2u-globulin efficiently. The 
present study suggests that sebaceous secretory cells of 
scent glands of male and female rats secrete different 
odoriferous volatile substances. These substances pro-
vide for olfactory communication between conspecifics 
(Kannan et al. 1998; Zhang et al. 2008; Achiraman et al. 
2011; Ramachandran et al. 2018).
In the present study, the apocrine glandular lobules 
were found only in the preputial gland, i.e., male. The 
myoepithelial cells observed in the apocrine glandular 
lobules revealed evidence of apocrine secretion of the 
secretory cells. The myoepithelial cells surround the 
secretory acini and facilitate discharge of the secretory 
material by way of their contraction (Abbasi et al. 2009; 
Awaad et al. 2015). Apocrine glands have been reported 
in sheep, horse, antelope, cow and a few marsupials, and 
these glands function as scent glands to produce phero-
mones (Robertshaw 1987; Rajagopal and Archunan 2011). 
According to Satoh et al. (1994) the myoepithelial cells of 
apocrine glands are endowed with capability to provide 
compression pressure for glandular expulsion of the 
secretory material. It is remarkable that the pheromonal 
compounds derived mainly from the sebaceous gland on 
discharge to the outside can adhere to objects in view of 
the carrier proteins (Atoji et al. 1987; Agungpriyono et 
al. 2006; Rajagopal and Archunan 2011). Previous studies 
have shown that the lumen of the apocrine gland is filled 
with dense secretory materials which are discharged di-
rectly onto the excretory duct through prepuce (Karahan 
et al. 2007; Abbasi et al. 2009; Rajagopal and Archunan 
2011; Awaad et al. 2015). The present study suggests 
that the apocrine secretory gland in the male rats would 
produce sex-specific volatile substances as an aspect of 
the preputial glands that might facilitate better adhesion 
capacity and high persistence in the scented site during 
the expression of territorial/scent marking in male rats. 
To the best of our knowledge this is the first com-
prehensive comparative histomorphological analysis of 
preputial and clitoral glands, the male and female scent 
glands respectively, of soft-furred field rat. Preputial 
glands of male rat are relatively larger in size than the 
clitoral glands of female rat. Preputial gland is composed 
of sebaceous and apocrine secretory glandular lobules 
whereas clitoral gland is made up only of sebaceous glan-
dular lobules. These findings indicate that the scent glands 
of the soft-furred male and female field rats show sexual 
dimorphism. Based on the morphometric and histomor-
phological observation, we conclude that the soft-furred 
field rat scent glands (preputial and clitoral) would play 
role in the production of sex-specific volatile substances 
through sebaceous and apocrine secretory glands for 
olfactory communication. Further ultrastructural and 
immunohistochemical studies of different rodent species 
and correlation between pheromone production and be-
haviors would throw light on importance of these glands 
in pheromonal communication which can be made use 
of in the rodent pest management programs.   
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For last forty years, acidification in water bodies, largely 
in lakes throughout the world has invited extensive and 
vigorous research approach regarding aquatic resource 
management (Mcdonald 1983). Acidification of freshwater 
bodies became a global problem involving Europe, USA 
and Asia (Schindler 1988; Psenner 1994). Aquatic animals 
including fish live in a narrow range of pH, which is near 
neutral, therefore, any change in pH range adversely 
affects their normal biological functioning (Mcdonald 
1983; Wood 1989). Of these, the metabolic mechanisms 
are found to be the most susceptible biological functions 
(Bhaskar and Govindappa 1985). A high alkaline or acidic 
stress may affect the physiological system, especially ion 
transporting cells in fish (Kwong et al. 2014). Thus, a sud-
den change in pH may lead to acute stress and a chronic 
pH state may cause death. Besides, acidic environment 
induced physiological impairments may disturb the overall 
homeostatic condition during growth in fish.
The zebrafish (Danio rerio), a small teleost has become 
the most widely used animal model for the study of vari-
ous biological phenomena of vertebrates. Recently, this 
fish was subjected to study under different stress condi-
tions for stress related diseases (Steenberger et al. 2011). 
However, very limited studies on the stress tolerance, 
especially with pH are performed on zebrafish. Reported 
studies address toxicological effect on embryos of zebraf-
ish (Dave 1984, 1985; Andrade et al. 2017). Zahangir et al. 
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The present study was aimed to understand whether acidic pH in-
duces oxidative stress in zebrafi sh aff ecting metabolic sensor protein and thereby, the 
mitochondrial functions in the skeletal muscle of zebrafi sh. The experiments performed 
in aquaria involved the study of the changes of HIF1α, AMPK, PGC1α and SIRT1 levels 
together with the levels of mitochondrial Tfam and Nrf1. The results obtained from in-
vestigation of superoxide dismutase (SOD), catalase and glutathione revealed that the 
fi sh undergoes oxidative stress within a short duration of exposure to acidic ambiance. 
Further analysis with MDA and HIF1α helped to understand the eff ects of post oxidative 
stress on skeletal muscle of the fi sh at pH 5.0 (± 0.5). Of the three tissues studied (gill, 
brain and skeletal muscle) the eff ect was maximum in skeletal muscle as depicted by 
MDA level at 2 hours beyond which it declines augmenting death or mortality (15%) to 
the fi sh. Consequently, HIF1α was increased as an adaptive strategy against metabolic 
disruption during the fi rst 2 hours period. However, on exposure to pH 5.0 (± 0.5) for 2 
hours, there were decrease of the metabolic sensors viz. AMPK and SIRT1 followed by 
mitochondrial gene transcriptional co-activator PGC1α. The expression of mitochon-
drial transcription factors Tfam and Nrf1 were also reduced confi rming perturbation 
in mitochondrial function aff ecting low ATP production compared to control. This was 
also supported by the decrease of COXII as well as mitochondrial complex I activity. All 
these results confi rm that the metabolic machinery of zebrafi sh is aff ected when pH 
























(2015) reported secondary stress responses of ‘pH stress’ 
on zebrafish where the haematological parameters were 
primarily assessed. However, metabolic regulator proteins 
related to mitochondrial functions due to pH stress have 
not been studied, yet. 
In the present study, responses during oxidative stress 
and its post traumatic consequences caused by acidic pH 
were analysed through oxidative stress indicators and 
specified biochemical parameters, especially malondialde-
hyde (MDA) level in fish body. Being a by-product of lipid 
peroxidation, MDA has been widely used as a biochemical 
index of oxidative stress in mammals (Eze et al. 2008). 
The results of MDA, therefore, supported the changes 
of oxidative stress indicators like superoxide dismutase 
(SOD) and catalase enzyme activity and glutathione. The 
hypoxia inducible factor-1α (HIF1α) from skeletal muscle 
tissue was also studied to affirm the oxidative stress. At 
first instance, analysis of metabolic regulator proteins 
like AMP-activated protein kinase (AMPK), peroxisome 
proliferator-activated receptor gamma coactivator-1α 
(PGC1α) and sirtuin 1 (SIRT1 or NAD-dependent deacety-
lase sirtuin-1) were performed, which was followed by 
the analysis of transcription factor A of mitochondria 
(Tfam) and nuclear respiratory factor 1 (Nrf1). These 
were followed by the analysis of mitochondrial complex 
I activity, expression of cytochrome oxidase II (COX II) 
and synthesis of ATP to elucidate a better understanding 
on the metabolic impairments.  
MATERIALS AND METHODS
Stress exposure to zebrafish 
Zebrafish stock was kept in aquarium under laboratory 
environment (pH 6.5-7.5, temperature 25-28 °C, dissolved 
oxygen (DO) 7-10 mg/l). After one week of acclimatiza-
tion, zebrafish (weight: 0.7 g, total length: 3.8 cm, n = 10) 
were collected in separate aquarium for further study. The 
experiments were set with three different levels of pH 
to measure the responses of tissues against acidic stress. 
These three pH levels were acidic (AC, 5.0 ± 0.5), near 
neutral (NN, 6.0 ± 0.45) and neutral (N, 7.0 ± 0.3). The 
pH levels were maintained by application of weak organic 
acid following a regression equation as Y = 7.675 – 0.008X 
(Y = pH and X = Volume acetic acid, µl, R2 = 0.997). A 
portable digital pocket-sized pH meter (HI98107P) was 
used to record the pH of the aquaria. The responses in 
fish tissues were measured in terms of MDA level from 
the respective tissues. For each analysis, ten fishes were 
sampled for collection of tissues.
Three tissues (skeletal muscle, brain and gills) were 
evaluated for maximum stress response against the three 
pH levels, viz. AC, NN and N. The values were recorded 
till the first mortality occurred in the treated fish popu-
lation. Two norms were standardized after these three 
experiments. These were, (i) the highly responsive tissue 
and (ii) the effective pH level to assess the biochemical 
parameters of the highly responsive tissue. Once the above 
norms were set, a new set of fish were treated with the 
effective pH level and only the highly responsive tissue 
was subjected to all specified biochemical analysis. In this 
case, the effective duration of treatment period (mortality 
≈ 15%) was determined beforehand. 
To understand the progression and resulting effect of 
acidic stress, the specified biochemical parameters like 
SOD, catalase, and glutathione levels were measured 
for a period of two hours (the effective duration at 15% 
mortality) with 30 min intervals. The tissue samples thus 
collected were also used for assessing levels of metabolic 
sensors related to mitochondria after 2 h of acidic stress 
exposure.
Although not mandatory for the purpose, attempts 
were made to maintain all ethical norms for the fish in 
the subject during the experiment. Before tissue collec-
tion, fishes were narcotized using MS222. 
Tissue collection and processing
Tissues (skeletal muscle, gill and brain) were collected (n 
= 10) from zebrafish and processed for further analysis. 
Before every analysis, the pooled tissues kept in lysis 
buffer (phosphate buffer) were homogenized using micro 
tissue homogenizer. The tissues homogenized were then 
centrifuged in 10000 g for 15 min. The supernatant was 
collected and used for all biochemical assessment. For 
western blot analysis, tissue proteins of 100 µg from the 
lysate were used.  
Biochemical assays
The biochemical assessment was performed for MDA, 
other antioxidant enzymes and antioxidant (SOD, catalase, 
glutathione), mitochondrial complex I and ATP. MDA 
assay was performed according to the method of Aust 
(1985). MDA is a product of lipid peroxidation and reacts 
with TBA (thiobarbituric acid) to give a red species named 
TBARS (thiobarbituric acid reactive substance). The anti-
oxidant enzyme SOD assay was performed following the 
method of Ewing and Janero (1995), while catalase assay 
together with reduced glutathione quantification were 
performed using microplate assay kits (G-Biosciences, 
ITAK1061 and ITAK1006). The ATP produced and the 
mitochondrial complex I activity were quantified using 
microplate assay kits (ATP assay kit, Sigma MAK190 and 
Cayman Chemical Mitocheck, Mitochondrial Complex 




The desired quantity of tissue protein was resolved on 
10% SDS-PAGE and were transferred to PVDF mem-
branes through transfer buffer (25 mM Tris, 193 mM 
glycine, 20% methanol, pH 8.5) for 1.5 hours. Western blot 
analysis was performed for HIF1α, PGC1α, AMPK, SIRT1, 
Tfam, Nrf1 and COXII using specific antibodies (Table 1) 
against the protein/factor of interest. Membrane bound 
primary antibodies were visualized using correspond-
ing secondary antibodies at 1:1000 dilutions, which was 
tagged with alkaline phosphatase and developed with 
corresponding substrates, 5-bromo-3-chloro-3-indolyl 
phosphate/nitrobluetetrazolium (BCIP/NBT). Band in-
tensities were quantified by utilizing Image J software 
(NIH, Bethesda, MD).
Statistical analysis
Homogeneity of variances of data sets were tested us-
ing Levene’s statistics. The Kruskal-Wallis H test was 
computed where Levene’s statistics did not comply to p 
> 0.05. In case of all analyses, α level was fixed at 0.05. 
SPSS 16.0 was used for all statistical analyses.
RESULTS
The present study examined three different tissues from 
adult zebrafish, which were subjected to three pH levels, 
viz., AC, NN and N (control). The formation of MDA in 
skeletal muscle tissue was significantly higher than the 
control (Kruskal-Wallis H Test, χ2 = 25.806, p = 0.00; 
Fig. 1). Out of all the three pH levels, mean rank of pH 
5.0 ± 0.5 showed maximum effect on skeletal muscle as 
reflected from MDA levels (Fig. 1). It was also observed 
that increased formation of MDA in skeletal muscle tis-
sue was comparatively higher than brain and gill tissues 
(Fig. 1). We have, therefore, considered skeletal muscle 
of zebrafish as primary tissue affected by acidic ambi-
ance. The difference in the formation of MDA in skeletal 
muscle among three pH levels (namely AC, NN and N), 
were found statistically significant (Kruskal-Wallis H 
Test, χ2= 25.806, p=0.00; Fig. 1).  Here, the AC showed 
highest rank in terms of MDA formation in skeletal 
muscle compared to other pH levels. The maximum level 
Figure 1. Determination of MDA levels in three different tissues 
(skeletal muscle, brain and gills) of zebrafish under three different 
pH conditions: acidic (AC, 5.0 ± 0.5), near neutral (NN, 6.0 ± 0.45) and 
neutral (N, 7.0 ± 0.3). Data are shown as Mean ± SE. Bars with different 
lower-case letters show statistically significant difference at p < 0.05.
Figure 2. Formation of MDA in skeletal muscle tissue of zebrafish. (A) Formation of MDA in skeletal muscle tissue and percent mortality esti-
mated over 9-h gradient with 1 h interval. The MDA formation was highest on exposure for 2 h to pH 5 (± 0.5).  (B) catalase, glutathione and SOD 
produced under pH 5.0 ± 0.5 in the zebrafish skeletal muscle when treated for 30 min, 1 h, 1.5 h and 2 h. Bars with different lower-case letters 
show statistically significant difference at p < 0.05.
On figure B: a, pH 5 ± 0.5 for 30 min; b, pH 5 ± 0.5 for 1 h; c, pH 5 ± 0.5 for 1.5 h; d, pH 5 ± 0.5 for 2 h
Acidic pH affects zebrafish skeletal muscle
193
of MDA in skeletal muscle tissue (5000 nmol MDA/mg 
protein) was recorded at the second hour of treatment. 
Beyond this period, fish mortality starts (Fig. 2A). Thus, 
it was standardized that the skeletal muscle is the highly 
responsive tissue for oxidative stress induced by acidic 
ambiance, and it experiences elevated oxidative stress 
during 2-hours-exposure to acidic ambiance. All these 
outcomes were supported by the results of SOD, catalase 
and glutathione assays of the skeletal muscle of fish at 30 
min, 1 h, 1.5 h and 2 h intervals under pH 5.0 ± 0.5. The 
results showed that, compared to control, the acidic ambi-
ance markedly induced the elevation of catalase and SOD 
antioxidant enzymes activities along with the oxidative 
stress protective glutathione compound between 30 min 
to 1 h of exposure to acidic stress. Beyond this period, at 
2 h, the activities of antioxidant enzymes (catalase and 
SOD) and glutathione were declined steeply and reached 
below the normal level (control) (Fig. 2B). The Kruskal-
Wallis H Test showed statistically significant difference 
of activities of SOD (χ2 = 45.155, p = 0.000), glutathione 
(χ2 = 45.161, p = 0.00) and catalase (χ2 = 46.874, p = 0.00) 
from the control. HIF-1α, an oxidative stress marker 
protein was also significantly increased at pH 5.0 ± 0.5. 
There is a significant increase in the expression of the 
protein (χ2 = 8.308, p = 0.004) than the control, which is 
quite prominent from the densitometric analysis, when 
exposed under acidic ambiance for 2 h (Fig. 3).
Immunoblots of AMPK, PGC1α and SIRT1 from 
skeletal muscle tissue showed that the amount of AMPK, 
PGC1α and SIRT1 were decreased under acidic pH (Fig. 
4). Both the metabolic sensors (AMPK and SIRT1) were 
significantly decreased (χ2 = 8.366, p = 0.004 and χ2 = 
7.908, p = 0.005, respectively), which in turn resulted in 
the significant decreased amount of the master regulator 
PGC1α (χ2 = 8.396, p = 0.004), which is the transcrip-
tional coactivator of the energy homeostatic pathway in 
mitochondria. It is reasonable to think that reduced level 
of PGC1α results in the decrease in expressions of the 
PGC1α –regulated Tfam, Nrf1 (transcription factors in-
Figure 3. Immunoblot of a stress marker protein, HIF1α and its den-
sitometry analysis after 2 h of stress exposure of zebrafish to pH 5.0 
± 0.5.  Data are shown as Mean ± SE. Bars with different lower-case 
letters show statistically significant difference at p < 0.05.
Figure 4. Immunoblots of AMPK, SIRT1 and PGC1α and, their densitom-
etry analysis compared to control after 2 h of stress exposure of zebraf-
ish to pH 5.0 ± 0.5. Data are shown as Mean ± SE. Bars with different 
lower-case letters show statistically significant difference at p < 0.05.
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volved in mitochondrial biogenesis) and COXII (one of the 
essential subunits of the complex IV of electron transport 
chain). Indeed, significant decrease of Tfam (χ2 = 5.026, 
p = 0.025), Nrf1 (χ2 = 8.308, p = 0.004) and COXII (χ2 = 
8.308, p = 0.004) protein levels were observed at pH 5 ± 
0.5 (Fig. 5A). Under stress condition at pH 5.0±0.5, the 
production of ATP and mitochondrial complex I activ-
ity of electron transport chain also showed a significant 
reduction (χ2= 5.333, p=0.021 and χ2= 14.329, p=0.00, 
respectively) that may correlate with the damage to the 
mitochondrial bioenergetics (Fig. 5B).
DISCUSSION
It is evident from the result that the zebrafish skeletal 
muscle experienced highest oxidative stress on expo-
sure for 30 min to 1 h to acidic ambience. However, the 
oxidative stress indicators steeply declined from 1-2 h. 
It is not confirmed whether the physiological health of 
the fish came under threat for such short exposure or 
not. The assessment of the formation of MDA is also 
significantly higher in its skeletal muscle tissue compared 
to brain and gill under low pH condition, indicating the 
resultant post traumatic physiological challenge. Such 
outcome was also confirmed by the changes in HIF-1α 
levels and other stress indicators like SOD and catalase 
activity and glutathione level at pH 5.0 ± 0.5 at 2 h. The 
15% mortality at 2 h further supported the possible fail-
ure of the fish to withstand the oxidative stress induced 
damage.  As outlined earlier, the present study aims to 
understand the metabolic impairment at this point faced 
by zebrafish through AMPK-SIRT1-PGC1α axis under 
acidic ambiance. 
Earlier, few studies reported that zebrafish can tolerate 
pH from 4.0-10.7 (Kwong et al. 2014; Zahangir et al. 2015). 
However, in the present study, results of oxidative stress 
indicators confirmed that the skeletal muscle of the fish 
experienced high oxidative stress within 1 hour to the 
exposure of pH 5.0 ± 0.5. The use of MDA and HIF-1α 
Figure 5. Immunoblots of Tfam, COXII and Nrf1 along with ATP synthesis and mitochondrial complex I activity. (A) Immunoblots of Tfam, COXII 
and Nrf1 and, their densitometry analysis after 2 h of stress exposure of zebrafish to pH 5.0 ± 0.5. (B) ATP production and mitochondrial complex 
I activity in skeletal muscle tissue on exposure of zebrafish to pH 5.0 ± 0.5 stress exposure of 2 h showing significant decrease in ATP production 
and mitochondrial complex I activity after 2 h. Data are shown as Mean ± SE. Bars with different lower-case letters show statistically significant 
difference at p < 0.05.
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as biomarker of stress further established that the after-
effects of oxidative stress exists even though the oxidative 
stress indicators were declined in the skeletal muscle 
at 2 h. Thus, a cellular hypoxic condition might persist 
even after the exhibition of surge evident from oxidative 
stress indicators. Such possibility cannot be ignored since 
the fish displayed unrest behaviour after exposure of 2 
h in acidic ambiance with more frequent gulping at the 
water surface.  Although, this level of pH is not lethal in 
general, it led the fish to suffer from high oxidative stress, 
which is reflected from the observation discussed above. 
Probably, such observation was overlooked by previous 
researchers, since their studies were not based on forma-
tion of MDA in skeletal muscle tissue. In general, MDA 
is suggested as the efficient stress-marker for animals, 
especially mammals (Nielsen et al. 1997). Being one of the 
final products of polyunsaturated fatty acids peroxida-
tion in the cells, its formation indicates the generation of 
free radicals in tissues (Gawel et al. 2004; Dahake et al. 
2016). As mentioned earlier, the results shown by MDA 
were correlated to the results of stress indicators (SOD, 
catalase and glutathione). These stress indicators are 
the part of antioxidant defence system which are either 
enzymatic (SOD and catalase) or non-enzymatic (glu-
tathione) and are frequently used to evaluate oxidative 
stress level in animals (Huang et al. 2020). The enhanced 
level of HIF-1α protein indicates insufficient O2 in cell 
that creates hypoxia and mediates the re-establishment of 
homeostasis in oxidatively stressed cell (Samenza 2005). 
The cellular hypoxic condition probably persists, even 
at 2 h, when antioxidant surge exhausted. Under such 
condition, amount of HIF-1α increases, as seen in the 
present study, and helps to generate adaptive response in 
cell through metabolic and bioenergetic pathways arrest-
ing ATP production through decrease in expression of 
metabolic sensors like AMPK, PGC1α and SIRT1 (Muoio 
and Kove 2007; Majumdar et al. 2010). In this study, the 
increase of HIF-1α protein level was indeed accompanied 
by decrease of AMPK, PGC1α and SIRT1. 
Out of all metabolic sensors, the AMPK and SIRT1 
act as sensors of cellular energy status for restoration of 
cellular damage (Han et al. 2013). This homeostatic de-
fence mechanism is a natural biological phenomenon and 
takes place in all eukaryotes (Hardie et al. 2012a, 2012b; 
Hardie 2013; Han et al. 2016). The activation of AMPK is 
found to be linked with increase in AMP:ATP ratio and 
increased ADP concentrations, both of which are linked to 
an energetic drop (Canto and Auwerx 2009; Hardie 2011; 
Mihaylova and Shaw 2011). In case of oxidative stress, the 
AMPK works as a cellular sensor for degraded AMP:ATP 
and ADP:ATP ratios and gets activated to recover the 
energy balance (Auciello et al. 2014). Under the acidic 
ambiance, in the skeletal muscle of zebrafish, the levels of 
AMPK and SIRT1 proteins significantly decreased within 
2 h compared to the stress-free condition, indicating a 
direct effect of pH 5.0 ± 0.5 on skeletal muscle tissue. 
It is well known that the master metabolic regulator 
PGC1α that promotes the expression of mitochondrial 
genes, functions synergistically with AMPK and SIRT1 
for ATP production under oxidative stress conditions 
(Canto and Auwerx 2009; Jeninga et al. 2010).  In com-
pliance to the above role, the level of PGC1α protein 
was found to be significantly decreased in the present 
study. This directly indicates that the energy synthesis 
processes are intervened at acidic pH level of 5.0 ± 0.5. 
The present study also showed significant decrease of 
mitochondrial complex I activity and COXII protein 
level that directly indicates a decreased performance of 
mitochondrial functions. Indeed, reduction in activities 
of both mitochondrial complex I and COXII, which are 
parts of the electron transport chain, is indicative of 
impaired mitochondrial bioenergetics (Rato et al. 2014). 
Similarly, decrease of AMPK levels results in reduced 
activation of PGC1α, which in turn results in the perturba-
tion of normal mitochondrial biogenesis processes. The 
decrease of mitochondrial functions is further reflected 
by the significantly decreased levels of Tfam and Nrf1 
proteins under acidic ambiance compared to control 
conditions. In mammals, these two transcription factors 
are directly involved in mitochondrial biogenesis under 
stress condition (Sharma et al. 2013). There is decrease 
in mitochondrial derived ATP production in mammals 
under oxidative stress (Zhang et al. 2006). Congruently, 
in the present study, the mitochondrial bioenergetics 
seems to be disrupted resulting in low ATP production 
under acidic ambiance.  
CONCLUSION
This study explains that zebrafish experiences oxidative 
stress in skeletal muscle when ambiance turned to acidic, 
to a level at pH 5.0 ± 0.5 within 30 min to 1 h, which was 
evident from the response of oxidative stress indicators 
(SOD and catalase activities and glutathione level). Beyond 
this point, even though the oxidative stress indicators 
(SOD and catalase activities and glutathione level) de-
clined, the oxidative stress induced traumatic condition 
persists. This is evident from the analysis of MDA or HIF1α 
levels or other regulators related to energy homeostasis 
associated directly or indirectly with mitochondria (such 
as PGC1α).  The fish, although strived to resume adaptive 
homeostatic strategy at pH 5.0 ± 0.5, the increase in the 
rate of mortality explains state of metabolic dysfunction. 
Surprisingly, when the fish was kept under acidic ambiance 
for a period up to 9 h, the rate of mortality reached up to 
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90% and MDA level was reduced to 1000 nmol MDA/mg 
protein. Whether these adaptations at miniscule scale of 
10% is due to naturally inherent counter mechanism or 
it is just a failure of progressive rate of adaptive response 
in 90% of population, is not clear. As of now, this study 
hints that, acidic ambiance induced post oxidative stress 
affects the mitochondrial biogenesis and bioenergetics in 
zebrafish greatly impairing its metabolic adaptability.  
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Methotrexate (MTX) is a widely used anti-neoplastic 
drug which is considered as first line treatment option 
to patients suffering with cancer (Uzar et al. 2006a). Ad-
ditionally, MTX is a prescribed medicine for other diseases 
like psoriasis, Crohn's disease, autoimmune diseases (e.g., 
rheumatoid arthritis), immunological abnormalities, and 
systemic inflammation (Cetinkaya et al. 2006). It causes 
acute life-threatening side effects in overdose situations 
(Funk et al. 2013; Schwartzberg et al. 2014). However, the 
most severe and widespread problems of toxicity associ-
ated MTX treatment are fever, non-productive cough and 
dyspnoea, pneumonitis and pulmonary fibrosis (Imokawa 
et al. 2000; Jakubovic et al. 2013; Hsu et al. 2003). MTX-
induced toxic effect is dependent on the applied dose 
and found to be occurring up to 60% of disease cases 
(Neuman et al. 1999). MTX in higher doses has restricted 
applications in disease management because of its seri-
ous life-threatening effects on liver (Liang et al. 2004). 
Methotrexate prevents the formation of tetrahydrofolate 
(THF) by dihydrofolate reductase (DHFR) and thus de-
creases reduced folate species and hence, the synthesis of 
purine and pyrimidine precursors, which are necessary 
for the synthesis of nucleic acids (Channa Keshava et al. 
1998; Goodsell et al. 1999). Johovic et al. (2003) reported 
that methotrexate inhibits cytosolic enzymatic activities 
of NADP-dependent dehydrogenases and NADP malic 
enzyme to reduce the availability of NADPH in cells via 
pentose phosphate inhibition pathway. However, the 
exact mechanism underlying the MTX-toxicity remains 
unclear. Previous studies have hypothesized that MTX 
application induces oxidative damage in tissues (Miketova 
et al. 2005; Armagan et al. 2008). Like other anticancer 
synthetic drugs, oxidative stress is reported to have a 
significant role in the pathophysiology of tissue toxicity 
induced by MTX (Atessahin et al. 2005; Fadillioglu et al. 
2003; Uz et al. 2005; Quiles et al. 2002). Earlier studies 
also reported that MTX toxicity results in significant 
reduction in efficacy of the antioxidant enzymes defence 
system and increased sensitivity of cells to ROS (Kolli 
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Methotrexate (MTX), an antifolate drug, is extensively prescribed for 
patients suff ering from diseases like cancer, psoriasis, neoplasms, and rheumatoid 
arthritis. Despite its eff ectiveness, MTX sometimes fi nds limited application because its 
undesirable side eff ects, including hepatic or renal impairment, bone marrow toxicity and 
gastrointestinal mucosal injury. Squalene, a highly unsaturated isoprenoid compound, 
isolated from shark liver oil has great potential in neutralizing the damaging eff ects trig-
gered by free radicals. Therefore, in this study, the protective role of dietary squalene 
supplementation on oxidative stress induced by methotrexate in experimental rats 
was evaluated. A signifi cant reduction was displayed in the activities of catalase (CAT) 
and superoxide dismutase (SOD) in MTX-intoxicated groups compared to other groups. 
Similarly, the activities of glutathione dependant enzymes (GPx and GST) and reduced 
glutathione (GSH) in MTX-induced groups were shown to be lower compared to the 
untreated control. Increased LPO (lipid peroxide) level was found in MTX-intoxicated 
groups compared to other groups. In addition, alterations in the levels of liver marker 
enzymes like AST, ALP, ALT, and LDH were noticed in MTX intoxicated groups compared 
to other groups. Biochemical results were confi rmed by the histopathological examina-
tion of liver sections. In conclusion, the result obtained in the present study proposes 
that squalene exerts antioxidant activity and is capable of ameliorating oxidative stress 






















et al. 2014; Abd et al. 2016). Antioxidants perform an 
essential role in living organisms, and they are capable 
to stop free radical generation. To conquer the adverse 
effect of MTX toxicity, it has been recommended to use 
antioxidants (Block et al. 2008; Miyazono et al. 2004).
Squalene is a marine biomolecule having six isoprene 
units.  It is abundantly available in shark liver oil and other 
sources including olive oil, rice bran oil etc. Squalene is 
an integral part of Mediterranean diet and is incorpo-
rated in traditional medicine as it plays an essential role 
in the treatment of several diseases. Squalene is a highly 
effective natural antioxidant, reported to have ability to 
protect cells from oxidative stress and lipid peroxidation 
(Kabuto et al. 2013). It is key intermediate in cholesterol 
metabolism and exerts lipid lowering and membrane 
stabilizing property (Farvin et al. 2004; Farvin et al. 
2005). Detoxifying activities of squalene were studied 
and was suggested to be having a potential to ameliorate 
the harmful effects of different compounds namely hexa-
chlorobiphenyl, perchlorobenzene, arsenic, theophylline, 
phenobarbital and cyclophosphamide (Richter et al. 1982; 
Kamimura et al. 1992; Fan et al. 1996; Senthilkumar et 
al. 2006a). Relevant studies reported that squalene ex-
hibits anti-neoplastic effect (Smith 2000; Sotiroudis and 
Kyrtopoulos 2008). Though squalene has been identified 
as a natural antioxidant capable of reducing the side 
effect of anti-cancer agents, the ameliorating effects of 
squalene against hepatotoxicity associated with MTX 
administration have not been explored yet. With this 
rationale, this study was designed to demonstrate the 
protective role of squalene to counteract the oxidative 
stress mediated by MTX administration and to serve as 
a free radical inhibitor.
Materials and methods
Drug and chemicals
Methotrexate was procured from Sisco Research Labora-
tory (Mumbai, India). Squalene was obtained as a kind gift 
from Aasha Biochem (Kerala, India).  Remaining reagents/
chemicals used in this study were of standard analytical 
chemicals and were obtained either from Sigma Chemi-
cal (USA) or Sisco Research Laboratory (Mumbai, India).
Animals
Ten-week-old male Wistar strain albino rats, weighing 
100-120 g were selected for the study. All animals were 
housed individually in hygienic and standard environ-
mental conditions of temperature 28 ± 2 ˚C, humidity 
60-70%, 12 h light and 12 h dark cycle in polypropylene 
cages. During the experimental period, the animals were 
fed with a standard diet (M/s Sai Foods, Bangalore, India; 
the diet contained carbohydrate 56.2%, crude protein 
22%, ash 7.5%, total fat 4.2%, crude fibre 3%, glucose 2.5%, 
vitamin 1.8%, sand silica 1.4%, calcium 0.8%, phosphorus 
0.8 %, and provide metabolizable energy of 3600 kcal.) 
and water ad libitum. The experiment was carried out 
according to the guidelines of the Committee for the 
Purpose of Control and Supervision of Experiments on 
Animals (CPCSEA), New Delhi, India and approved by 
the Institutional Animal Ethics Committee of the Central 
Institute of Fisheries Technology, Cochin.
Experimental design
The experimental animals were separated into four 
groups, each group having six animals. Group I (CO-SAL) 
and Group II (CO-MTX) animals were fed on commercial 
feed with added coconut oil at 1.5% level and Group III 
(SQ-SAL) and Group IV (SQ-MTX) animals were fed on 
commercial feed with added squalene at 1.5% level for a 
period of 30 days. Group I and III were intraperitone-
ally (i.p.) injected with 0.5 ml normal saline (0.9%) and 
Group II and IV with 0.5 ml methotrexate (20 mg/kg 
body weight) on 30th day (Saeed et al. 2018). During the 
experimental period body weight of all the animals was 
properly documented. At the end of the experiment, i.e. 
48 h after the MTX/normal saline administration, the 
experimental rats were sacrificed. The sera obtained from 
the collected blood samples were stored properly and used 
for performing various assays including total protein 
(Lowry et al. 1951), total bilirubin (Frederick and Robert 
Lee 1974), AST (Mohur and Cook 1957), ALT (Mohur and 
Cook 1957), LDH (King 1965a) and ALP (King 1965b). 
The results obtained for AST, ALT, LDH were expressed 
in µmol of pyruvate liberated/h/mg protein and ALP in 
µmol of phenol liberated h/mg protein. 
Liver samples were weighed, and a small portion of 
liver tissue was fixed in 10% buffered formalin for histo-
pathological observations. Accurately weighed liver tissue 
samples were homogenized in phosphate buffer at 4 ˚C 
with a tissue homogenizer. The homogenate obtained was 
further centrifuged and the supernatant collected were 
used for conducting different assays like SOD (Misra 
and Fridovich 1972), catalase (Takahara et al. 1960), 
GST (Habig et al. 1974), GSH (Ellman 1959), GPx (Paglia 
and Valentine 1967) and LPO (Ohkawa et al. 1979). The 
obtained results were expressed as SOD: one unit of the 
SOD activity is the amount of protein required to give 
50% inhibition of epinephrine autoxidation. Catalase: 
µmol H2O2 decomposed/min/mg protein; GST: μmol 
1-chloro-2,4-dinitrobenzene conjugate formed/min/
mg protein; GSH: µmol/mg wet tissue; GPx: µmol GSH 





Liver tissues were processed by the standard histopatho-
logical procedure to observe microscopic changes. Briefly, 
liver tissue section was embedded in paraffin and 5 µm 
sections were cut separately. The sections were deparaf-
finized using xylene and ethanol and then washed with 
PBS and permeabilization solution (0.1 M citrate, 0.1% 
Triton X-100). The deparaffinised sections were stained 
with haematoxylin and eosin. The histopathological 
examination of tissues of animals was carried out under 
fluorescence microscope (Olympus BX 60, PA, USA).
Statistical analysis 
The results were stated as mean ± SD for 6 animals. 
The statistical comparisons among studied groups were 
performed with SPSS software program (SPSS.16.0 for 
Windows, SPSS, Chicago, IL) using one-way analysis of 
variance (ANOVA). Duncan’s multiple range comparison 
tests were performed among groups. 
Results and Discussion
Influence of MTX treatment on body weight and relative 
liver weight
In the present study, it was observed that MTX injection 
at single dose results in the decline of the body weight of 
both group II and group IV animals. A signifcant reduc-
tion in the body weight was found in Group II animals 
in comparison with other group animals (Table 1).  These 
variations in body weight might possibly be due to oxi-
dative tissue damage in response to MTX induced toxic 
effect, which was reversed by dietary squalene supple-
mentation. Oxidative stress is one of the key mechanisms 
involved in drugs induced liver toxicity.  A reduced body 
weight in experimental rats after single dose methotrexate 
injection (i.p.) was reported in previous studies (Mogha-
dam et al. 2015). In addition, it was also reported that the 
MTX administration (20 mg/kg, single i.p. injection) in 
experimental rats initiates tissue damage and subsequent 
weight loss in comparison with normal control rats 
(Khafaga and El-Sayed 2018). Squalene pretreatment might 
have inhibited the cell damage due to MTX toxicity and 
maintained the body weight to near normalcy by its tissue 
protecting activity against oxidative stress. The results 
were in line with the previous reports which described 
that squalene exhibited antioxidant defense mechanism 
in tissue and protected the cell membrane from oxidative 
stress (Farvin et al. 2005)
Significant changes observed in the relative liver weight 
of Group II MTX intoxicated rats (Table 1) possibly due 
to the oxidative tissue damage induced by methotrexate. 
Prior treatment with squalene reversed these changes 
in relative liver weight.  In consistence with current 
study,  it has been reported that acute tissue damage and 
alterations in relative liver weights of experimental rats 
receiving a single dose methotrexate (20 mg/kg body 
weight) indicated its toxic effect on tissue (Moghadam et 
al. 2015). Furthermore, other investigators also reported 
that a single intra-peritoneal injection of MTX initiates 
oxidative stress which is evidenced by an elevated level 
of relative liver weight in MTX intoxicated groups com-
pared to control (Asmaa and Yasser 2018; Mukherjee et 
al. 2013). Prior supplementation of squalene in Group IV 
animals perhaps protected the liver cell against oxidative 









Body weight (g) 202.66 ± 2.51c 181.33 ± 1.52a 203.05 ± 0.50c 196.66 ± 2.08b
Relative liver weight (%) 2.15 ± 0.06a 2.94 ± 0.05c 2.12 ± 0.03a 2.32 ± 0.01b
Table 1. Effect of dietary squalene supplementation on body weight and relative liver weight of experiments rats receiving different treatments.









Total protein (mg/100 ml) 7.57 ± 0.07c 5.25 ± 0.05a 7.54 ± 0.10c 6.49 ± 0.06b
Total bilirubin (mg/100 ml) 0.200 ± 0.00a 1.30 ± 0.00c 0.204 ± 0.00a 0.291 ± 0.00b
Table 2. Effect of dietary squalene supplementation on total protein and total bilirubin content of experimental rats receiving different treatments.
Values that have a different superscript letter (a, b, c, d) differ significantly (p < 0.05) among each other.
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in counteracting oxidative stress and cellular damage 
occurred in tissue by its antioxidant and membrane 
stabilizing activity. Earlier it was reported that squalene 
pretreatment in experimental animals effectively restored 
the impaired tissue that was exposed to drug treatment 
(Farvin et al. 2004).
Influence of MTX treatment on total protein and 
total bilirubin level 
Total serum protein levels of MTX administrated groups 
(Group II and IV) were lower in comparison with other 
groups (Table 2). Significant decline was noticed in Group 
II animals when compared with other groups.  Observed 
changes in total protein level depict impaired liver func-
tion probably due to methotrexate administration. These 
observations were in accordance with the previous reports 
which displayed significant depletion of serum protein 
level in MTX intoxicated groups than untreated groups 
(Moghadam et al. 2015). Dietary squalene supplementation 
helps to maintain the serum total protein levels to near 
normal in experimental animals. Normalized protein 
levels in squalene treated group marks its protection of 
liver functions against methotrexate toxicity. The resul-
tant observation is in accordance with the earlier report 
which stated that squalene treatment aids to restore serum 
protein levels to near normal in cyclophosphamide in-
toxicated groups vs untreated group (Senthilkumar et al. 
2006a). The total bilirubin level was found to be increased 
in Group II animals compared to other groups (Table 2). 
Squalene supplementation prevented the increase of total 
bilirubin levels and maintained to normal in group IV 
animals. Abdulzahra and Mohammed (2014) indicated that 
total serum bilirubin level was found to be higher in rats 
treated with MTX group compared with untreated groups. 
Increased total bilirubin level indicates the hepatotoxic-
ity and these results concur with the previous studies 
(Moghadam et al. 2015). Squalene provides protection to 
liver cells and effectively prevents the elevation of serum 
biochemical parameters by its membrane stabilizing 
activity. In the present study, prior supplementation of 
squalene decreased total serum bilirubin levels thereby 
reduced the biochemical alteration induced by metho-
trexate.  The present results were in accordance with the 
previous studies (Senthilkumar et al. 2006a).
Effect of dietary squalene on antioxidant enzyme 
levels of MTX administrated rats
Table 3 shows the protective action of dietary squalene 
supplementations on enzymatic and non-enzymatic anti-
oxidant levels as well as lipid peroxide content in experi-
mental groups. SOD and CAT levels in liver tissue were 
decreased significantly in MTX-administered Group II 
animals as compared to other animals. This may possibly 
be due to the formation of superoxide anions and these 
ions inactivate or reduce the activity of SOD. In fact, SOD 
and CAT levels of liver induced by MTX treatment causes 
marked alteration in the antioxidant status, signifying 
that the cells may possibly be more susceptible to reactive 
oxygen species (Uzar et al. 2006b), leading to failure in the 
efficacy of defence mechanism of antioxidant enzymes 
at cellular level (Miyazono et al. 2004). Squalene is an 
efficient singlet oxygen scavenging molecule like that of 
vitamin E.  In the present study, squalene in Group IV 
inhibited MTX induced inactivation of SOD and CAT 
enzyme activity and retained the cellular antioxidant 
status to near normal. Antioxidant activity of squalene 
is assumed to protect the liver cells from cellular dam-
age induced by MTX and these observations were in line 
with the previous reports (Senthilkumar et al. 2006b).
Methotrexate administration resulted in substantial 
depletion in GST, GSH, GPx levels in group II compared 
with others (group I, III and IV).  MTX intoxication might 
have reduced the cellular defence against toxic metabolites 
in liver of experimental animals. MTX causes significant 
decrease in antioxidant enzymatic level in experimental 
animals and supplementation of certain antioxidants like 
melatonin, taurine is effective in preventing this mecha-









SOD 3.82 ± 0.01d 1.04 ± 0.00a 3.41 ± 0.02c 2.71 ± 0.02b
CAT 10.23 ± 0.31c 2.11 ± 0.02a 11.19 ± 0.26d 9.48 ± 0.41b
GST 7.19 ± 0.02c 3.88 ± 0.02a 7.61 ± 0.06d 6.40 ± 0.04b
GSH 21.48 ± 0.51d 7.99 ± 0.42a 17.13 ± 0.20c 13.96 ± 0.18b
GPx 2.13 ± 0.07c 1.21 ± 0.10a 1.91 ± 0.05b 1.8 ± 0.03b
LPO 1.18 ± 0.03a 2.99 ± 0.01d 1.58 ± 0.01b 1.71 ± 0.02c
Values that have a different superscript letter (a, b, c, d) differ significantly (p < 0.05) among each other.




the observed reduction of antioxidant enzymatic level was 
restored in Group IV animals by squalene supplementa-
tion. Squalene possibly acts as a potent antioxidant as well 
as oxygen scavenging molecule and improves antioxidant 
defence status in liver tissue, which prevents MTX induced 
toxicity. It has been previously reported that squalene 
enhances antioxidant defence mechanism in hepatocytes 
of experimentally induced rats during drug toxicity by 
its antioxidant activity (Rajesh and Lakshmanan 2008).
Lipid peroxidation is an oxidative degradation process 
and is also responsible for nucleotide degradation. In the 
present study, the LPO level of MTX administrated group 
(Group II) was significantly higher than other groups. The 
LPO levels of squalene treated groups (Group I and IV) 
and Group I were in same range. Oxidative stress along 
with free radical generation and intense lipid peroxida-
tion are major problems associated with MTX toxicity 
(Sener et al. 2006).  MTX administration in experimental 
animals might initiate peroxidation of membrane lipids 
and production of free radicals which was reversed by 
dietary squalene supplementation. Squalene significantly 
counteracts the MTX induced lipid peroxidation and oxi-
dative stress which is probably related to its free radical 
scavenging property. Senthilkumar et al. (2006b) stated 
that squalene is effective in attenuating lipid peroxida-
tion reactions in the liver of experimental rats induced 
by anticancer drug and this observation is in line with 
the present study. Previously, it was reported that dietary 
squalene supplementation enhanced the antioxidant de-
fense mechanism in experimental animals by reducing the 
elevated LPO level in cardiac tissue (Farvin et al. 2007). In 
addition, the protective effect of squalene against arsenic 
toxicity is mainly through the eradication of free radicals 
by means of its antioxidant and membrane stabilizing 
properties (Rajesh and Lakshmanan 2008).
Effect of dietary squalene on AST, ALP, ALT and LDH 
levels of MTX administrated rats
The levels of AST, ALP and ALT of MTX treated groups 
(Group II and IV) were increased in comparison with other 
groups, indicating impaired liver functions (Table 4). The 
lactate dehydrogenase (LDH) activity was also increased 
in MTX administrated groups (Group II and IV), whereas 
the prior squalene supplementation in Group IV animals 
showed significantly lower values than Group II animals 
(Table 4). Elevated levels of these marker enzymes in the 
liver tissue of experimental animals could be the indication 
of MTX related hepatotoxicity. MTX administration and 
its effect on liver marker enzymes were also reported by 
other investigators (Karthikeyan 2004; Ramadan et al. 
2008). Moghadam et al. (2015) reported an increased serum 
ALT, AST and LDH activities in liver tissue homogenate 
due to hepatotoxicity induced by MTX.  Methotrexate 
is metabolised in liver and such toxic metabolites pro-
duce oxidative stress subsequently initiating acute liver 
injury in experimental animals. In the present study, 
the treatment with squalene prior to the MTX injection 
resulted in the reduction of these parameters to control 
levels. Squalene by its free radical scavenging property 
possibly trapped the toxic metabolites produced in liver 
during the activation of this anticancer drug. Similarly, 
dietary squalene supplementation could be effective in 
preventing experimentally induced oxidative damage in 
hepatocytes and subsequent liver toxicity by its potential 
antioxidant and membrane stabilising activity. Earlier it 
was reported that dietary squalene supplementation ef-
fectively prevented the elevation of serum AST, ALT, ALP 
and LDH levels in kidney and liver tissue of experimental 
animals induced by cyclophosphamide (anticancer drug) 
by means of its antioxidant and free radical scavenging 
activity (Senthilkumar et al. 2006a). In addition, squalene 
supplementation decreased serum diagnostic marker 
enzymes’ level and exerts protection on cardiac tissue 
of experimental animals by its membrane stabilising 
property (Farvin et al. 2004).
Histopathological examination 
The examination of liver sections showed normal ar-
chitecture of central vein, blood sinusoidal, portal triad 









AST 129.28 ± 0.44a 274.81 ± 0.23c 130.28 ± 0.28a 179.81 ± 0.33b
ALT 136.48 ± 0.52a 255.38 ± 0.54d 147.47 ± 0.71b 164.95 ± 0.16c
LDH 199.38 ± 0.58a 377.67 ± 0.66c 195.77 ± 0.40a 231.10 ± 0.20b
ALP 126.39 ± 0.60b 197.19 ± 0.66d 123.36 ± 0.25a 157.26 ± 0.53c
Values that have a different superscript letter (a, b, c, d) differ significantly (p < 0.05) among each other.
Table 4.  Effects of dietary squalene supplementation on serum biochemical parameters of experimental rats receiving different treatments.
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2). But MTX administrated groups (Group II and IV) 
displayed irregular central vein with massive inflam-
matory reactions, degenerative changes in portal triad, 
swelling of nucleus in hepatocytes and blood sinusoids 
were compressed. Dietary squalene supplementation to 
experimental animals considerably improved cell struc-
ture with regenerative changes in portal triad and cell 
sinusoidal with separated blood sinusoids. Histological 
studies also confirmed the hepatoprotective effect of 
squalene on MTX induced toxicity.
The histopathological observations in this study, con-
firmed that squalene inverted the increase of free radical 
generation. Thus, it is likely that the hepatoprotective 
mechanism of squalene could be due to its antioxidant 
activity and its ability to scavenge a wide range of free 
radicals. Earlier it was reported that squalene inhibit 
generation of free radicals and lipid hydroperoxides 
(Kabuto et al. 2013).
Conclusion
In conclusion, dietary supplementation of squalene can 
attenuate methotrexate-induced liver dysfunctions. Squa-
lene could reduce the free radical formation during MTX 
induced toxicity. Therefore, squalene might serve as a 
potential as well as effective dietary supplement in reduc-
ing the complications of MTX induced liver injury and 
related hepatotoxicity during cancer treatment. Hence, 
the results of present study suggest that the oral in-take 
of squalene has prominent attenuating effect against 
oxidative stress and subsequent liver injury induced by 
MTX and can serve as therapeutic alternative.
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The genus Impatiens L. is a highly diverse genus of the 
family Balsaminaceae representing with over 1000 species 
distributed in tropical and subtropical regions ( Janssens 
et al. 2018). In India, there are more than 210 species 
within Himalaya and the Western Ghats as the two ma-
jor diversity centres (Shajitha et al. 2016). The Western 
Ghats is one of the richest areas in the world considering 
the distribution of species of Impatiens where about 103 
species of Impatiens are endemic (Bhaskar 2012). They 
usually occur in wet and moisture conditions from sea 
level to 4000 m altitude, valleys, along streams, while 
some species tolerate drier habitats (Yu et al. 2015). 
The vegetative morphology of Impatiens is conserved, 
always having a glandular-toothed leaf, fleshy semi-
succulent stem and reflected in the hypervariable floral 
morphology in which the spurred sepal and the lateral 
petals show extreme variability (Fig. 1-2). High levels of 
convergent evolution on flower morphology are probably 
the main reason why it has been so difficult in the past 
to divide the genus into natural groups based on macro-
morphological data only ( Janssens et al. 2012).
Representatives of the genus are known for their con-
vergent phenotypic adaptation often making it extremely 
difficult to divide the genus into natural groupings using 
morphological data ( Janssens et al. 2018). Grey-Wilson 
(1980b) suggested that due to their hypervariable flower 
morphology, enormous species diversity within the genus 
was the result of repeated hybridization events. Though 
macromorphological characters are very useful for taxo-
nomic identification of many plant species, yet these 
cannot be used to distinguish between kinds of closely 
related species that are morphologically indistinguishable 
but belong to different species.  Therefore, to bring out 
morphological differences that may exist between closely 
related species, SEM analysis of micromorphological 
investigations of pollen grains are used. 
A reticulate rectangular pollen grains in genus Impa-
tiens with four apertures was first reported by Huynh in 
1968. Janssens et al. (2012) investigated pollen morphol-
ogy in 115 species and described as four-aperturate to 
tri-aperturate, and the polar view ranged from circular, 
quadrangular, elliptic, and sub-elliptic to rectangular. Yu 
et al. (2015) provided a new classification for the genus 
Impatiens based on morphological and molecular evidence. 
Janssens et al. (2005) carried out a palynological study 
and variation was noticed from the results of pollen mor-
phology. In their study, representative of samples of 11 
African and 8 Asian taxa were used for observation using 
SEM, but the palynological evolution of Asian Impatiens 
species was unable to conclude. Janssens et al. (2018) 
characterized pollen morphology as circular, rectangu-
lar or elliptic and reticulate sexine ornamentation for 
most of the African Impatiens species. Lens et al. (2005) 
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carried out a detailed pollen morphological description 
of Balsaminaceae, Tetrameristaceae and Pellicieraceae 
by means of light microscopy, SEM and transmission 
electron microscopy revealed main aperture type in 
four-aperturate, colpate rectangular pollen grain with 
reticulate sexine ornamentation.
Bigazzi and Selvi (1998) suggested that palynological 
features are not changeable with environmental changes 
and have strong selection forces at work in dispersal, 
water-stress, pollination, germination, stigmatic inter-
actions and possess strong taxonomic characteristics for 
species-genera identifications. 
Taxonomically, Impatiens is notoriously difficult to 
classify due to the semi-succulent stems and fleshy leaves, 
flowers are extremely fragile, providing well-dried her-
barium specimens is challenging and in dried specimens 
Figure 1. A: Impatiens scabriuscula Heyne; B: Impatiens pendula Heyne ex Wight & Arn.; C: Impatiens fasciculata Lam.; D: Impatiens walleriana 
Hook. f. E: Impatiens cuspidata Wight & Arn.; F: Impatiens gardneriana Wight; G: Impatiens tenella B. Heyne ex Wight & Arn.; H: Impatiens clavicornu 
Turcz.; I: Impatiens latifolia Wight.
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Figure 2. A: Impatiens grandis Heyne; B: Impatiens oppositifolia L.; C: Impatiens levingei Gamble ex Hook. f.; D: Impatiens minor (DC.) Bennet; E: 
Impatiens leschenaultii (DC.) Wall. ex Wight & Arn.; F: Impatiens balsamina L.; G:  Impatiens modesta Wight; H: Impatiens rufescens Benth. ex Wight 
& Arn.; I: Impatiens fruticosa Lesch. ex DC.
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most are folded and coalesced (Yu et al. 2015). Accordingly, 
Grey-Wilson (1980a, 1980b) suitable micromorphological 
characters to tackle the taxonomic complexity within 
the genus, as macromorphological characters have often 
proven unsuitable. Pollen grains can be retained in soil for 
a long period of time and its morphology is considered as 
conservative characters for plant classification because the 
shape of pollen grains specific to the taxonomic rank such 
as family, genus and species. Improved determination keys 
have been derived from extensive pollen analysis which 
could serve as a base for pollen studies by archaeologists, 
botanists, geologists, and immunologists (Erdtman 1986). 
SEM offers distinct advantages for examination of 
unstained preparations of pollen and was used for the 
purpose of observing variations in the morphology of 
pollen of many plant taxa. Several studies (Lens et al. 2005; 
Janssens 2005, 2008, 2012) on the pollen morphology 
of Impatiens described their importance to understand 
the taxonomy of particular species. Even though several 
studies have been carried out, still the pollen morphology 
of this genus Impatiens require deeper understanding. 
Material and methods
For palynological study, the specimens were collected 
along with its flower. Fresh pollen samples were collected 
from various localities of Nilgiris during the period of 
2017-2019.  The collected plant specimens were identified 
with the help of local floras (Gamble and Fischer 1915; 
Gamble 1921; Gamble 1934; Nair et al. 1983; Mattew 1991) 
and regional floras, revisions, monographs, and perti-
nent literature.  The voucher specimens were deposited 
in the Herbarium of Department of Botany, Bharathiar 
University (BUH), Coimbatore. Further, the pollens were 
examined using scanning SEM. 
The selected pollens were mounted directly on alu-
minum stubs using double sided adhesive tape and were 
sputter coated with in a thin layer of gold. Each taxon 
was studied for qualitative and quantitative character. 
SEM imaging was carried out with FEI Quanta 200 SEM 
(FELMI-ZFE, Graz, Austria) at the pollen laboratory. SEM 
micrographs were used mainly for studying the general 
shape, size, type of ornamentation, aperture characters 
and get more detailed information on the sculpturing. 
Fifty pollen grains of each species were examined and 
an average measurement for the polar axis and equatorial 
axis, and lumen diameter were observed by ImageJ soft-
ware. The P/E ratios were calculated. Pollen terminology 
follows the Punt et al. (2007). The terminology of pollen 
shape in polar view by the following Reitsma (1970). 
Terms for shape classes in equatorial view are adopted 
from Erdtman (1971). The ratio of polar length to equato-
rial length was calculated using the following formula. 
The ratio of polar length to equatorial length = P/E
Where P denotes the diameter of the Polar axis and E 
denotes the diameter of the Equatorial axis.
Based on the palynological characters dichotomous 
taxonomic key for Impatiens was prepared. To evaluate 
the significant variations in quantitative character among 
the Impatiens taxa were determined by subjecting the data 
to one-way analysis of variance (ANOVA) using SPSS 
(version 16.0).
Results
The pollen morphology of 18 taxa of the genus Impatiens 
L. (Balsamiaceae) was investigated. A comprehensive 
description of the SEM data according to the pollen 
features in terms of the size, shape, shape in polar view, 
exine ornamentation, symmetry, polarity, polar length (P), 
equatorial length (E), the ratio of polar length to equato-
rial length (P/E) and the diameter of lumen measured for 
fifty pollen grains of each specimen are provided (Table 
1 and 2). 
All the collected species of Impatiens are monad. Most 
of the pollen grains were isopolar but certain species 
showed heteropolar grains, such as in Impatiens fruticosa, 
Impatiens clavicornu, Impatiens levingei, Impatiens latifolia and 
Impatiens rufescens.  The pollen grain was radially sym-
metrical in I. clavicornu, I. cuspidata, I. pendula, I. levingei, I. 
gardneriana, I. grandis, I. rufescens and bilateral symmetrical 
in the remaining species. Selected SEM micrographs of 
examined pollen grains are presented in Fig. 3-6.
Size 
According to size of the pollen grains it can be categorized 
into small size, large size and very large size (Kermp 1965). 
The pollen of the Nilgiris Impatiens species is generally 
small and medium sized. The small pollen grains were 
observed in I. modesta, I. balsamina, I. pendula and I. rufe-
scens whereas the rest of the species are medium sized. 
The mean of the polar axis varies from 22.90 µm in I. 
balsamina to 36.19 µm in I. walleriana. The minimum 
equatorial axis (14.66 µm) is reported in I. balsamina and 
the maximum equatorial axis (28.52 µm) is reported in 
I. gardneriana (Table 1).
Shape in equatorial view 
According to Erdtman (1952) the shapes of the pollen 
grains determine the ratio of polar axis and equatorial 
diameter. The highest P/E ratio was recorded in I. wal-





Taxon Polar axis (P) µm Equatorial axis (E) µm P/E Lumen diam-
eter 
Size 
Mean Range Mean Range
1 I. balsamina L. 22.90 ± 2.691i 16.18 - 26.47 14.66 ± 1.913f 10.12 - 18.59 1.56 1.20 ± 0.44g Small 
2 I. clavicornu Turcz. 27.94 ± 2.810f 21.61 - 33.34 24.29 ± 31.10bcd 18 - 31.10 1.15 2.86 ± 1.00a Medium
3. I. cuspidata Wight & Arn. 29.68 ± 2.608de 24.50 - 34.21 22.34 ± 2.157cde 16.08 - 27.75 1.32 1.80 ± 0.53def Medium
4. I. latifolia Wight 31.07 ± 3.375c 25.05 - 38.65 19.56 ± 2.174def 16.36 - 23.23 1.58 2.11 ± 0.65bc Medium
5. I. fasciculata Lam. 33.01 ± 2.273b 27.61 - 38.09 22.19 ± 2.234cde 16.45 - 26.87 1.48 1.68 ± 0.53ef Medium
6. I. fruticosa Lesch. ex DC. 30.28 ± 2.491cd 25.60 - 35.73 27.28 ± 2.287bc 21.56 - 32.17 1.10 - Medium
7. I. grandis Heyne 27.73 ± 1.966c 24.24 - 32.74 23.04 ± 2.235bc 17.25 - 26.08 1.20 1.80 ± 0.52def Medium
8. I. gardneriana Wight 31.46 ± 4.840c 24.29 - 48.54 28.52 ± 3.729b 22.38 - 35.25 1.10 2.20 ± 0.87b Medium 
9. I. levingei Gamble ex Hook. f. 25.94 ± 3.184g 18.89 - 31.62 17.56 ± 2.265ef 14.67 - 22.82 1.46 1.58 ± 0.44f Medium
10. I. leschenaultii (DC.) Wall. ex Wight & Arn. 28.64 ± 3.860ef 21.81 - 36.87 19.96 ± 2.911def 16.39 - 28.31 1.43 1.91 ± 0.33cde Medium 
11. I. modesta Wight  23.10 ± 2.824i 16.2 - 29.64 20.45 ± 3.053def 15.18 - 28.19 1.09 1.96 ± 0.63bcd Small
12. I. minor (DC.) Bennet 25.19 ± 2.586gh 17.94 - 29.39 16.80 ± 2.455ef 11.57 - 20.84 1.49 1.71 ± 0.56def Medium
13. I. oppositifolia L. 28.67 ± 2.163ef 24.26 - 33.45 19.68 ± 1.544def 16.78 - 22.77 1.45 1.84 ± 0.53de Medium
14. I. pendula Heyne ex Wight & Arn. 24.16 ± 2.400hi 18.65 - 29.26 20.62 ± 2.689def 14.16 - 24.57 1.17 1.19 ± 0.33g Small
15. I. rufescens Benth. ex Wight & Arn. 23.83 ± 2.476i 18.75 - 26.31 18.84 ± 2.260def 14.73 - 20.92 1.26 1.28 ± 0.30g Small
16. I. scabriuscula Heyne 28.36 ± 2.558f 21.38 - 34.11 17.50 ± 2.637ef 13.15 - 22.67 1.62 1.12 ± 0.34g Medium
17. I. tenella B. Heyne ex Wight & Arn. 28.38 ± 2.862f 20.76 - 33.42 17.38 ± 2.693ef 12.69 - 23.56 1.63 1.58 ± 0.44f Medium 
18. I. walleriana Hook. f. 36.19 ± 4.634a 28.06 - 44.18 20.24 ± 2.723def 14.66 - 26.44 1.78 1.94 ± 0.63cde Medium
 F= 71.953*** F= 16. 522*** F=52.023*** Df-17,908
Table 1. Dimensions and size variation in pollen grains of the Impatiens taxa.
Means ± Standard Error in a row followed by a same letter(s) are not significantly (P > 0.05) different according to Duncan’s Multiple Range Test.
Df- Degree of freedom
***= Significant at 0.001% level
Num-
ber
Taxon Shape Polar view Sexine orna-
mentation
Symmetry Polarity Number of 
aperature
1 I. balsamina L. Prolate Rectangular Reticulate Bilateral Isopolar Dicolpate
2 I. clavicornu Turcz. Subprolate Circular Reticulate Radial Heteropolar Tricolpate 
3. I. cuspidata Wight & Arn. Subprolate Elliptic - circular Reticulate Radial Isopolar Monocolpate
4. I. latifolia Wight Prolate Elliptic Reticulate Bilateral Heteropolar Monocalpate 
5. I. fasciculata Lam. Prolate Elliptic Reticulate Bilateral Isopolar -
6. I. fruticosa Lesch. ex DC. Prolate - spheroidal Quadrangular Echinate Bilateral Heteropolar -
7. I. grandis Heyne Subprolate Elliptic Reticulate Radial Isopolar -
8. I. gardneriana Wight Prolate - spheroidal Elliptic - circular Reticulate Radial Isopolar -
9. I. levingei Gamble ex Hook. f. Prolate Triangular Reticulate Radial Heteropolar Tricolpate 
10. I. leschenaultii (DC.) Wall. ex Wight & Arn. Prolate Rectangular Reticulate Bilateral Isopolar -
11. I. modesta Wight  Prolate - spheroidal Circular Reticulate Bilateral Isopolar -
12. I. minor (DC.) Bennet Prolate Rectangular Reticulate Bilateral Isopolar -
13. I. oppositifolia L. Prolate Elliptic Reticulate Bilateral Isopolar -
14. I. pendula Heyne ex Wight & Arn. Subprolate Circular Reticulate Radial Isopolar -
15. I. rufescens Benth. ex Wight & Arn. Subprolate Quinquangular Reticulate Radial Heteropolar Monocolpate
16. I. scabriuscula Heyne Prolate Rectangular Reticulate Bilateral Isopolar Bicolpate
17. I. tenella B. Heyne ex Wight & Arn. Prolate Rectangular Reticulate Bilateral Isopolar -
18. I. walleriana Hook. f. Prolate Rectangular Reticulate Bilateral Isopolar Tetracolpate 
Table 2. Details of pollen morphological characteristics in selected species of Impatiens.
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Figure 3. A: Impatiens clavicornu Turcz.; B: Impatiens fasciculata Lam.; C: Impatiens gardneriana Wight; D: Impatiens grandis Heyne; E: Impatiens 
leschenaultii (DC.) Wall. ex Wight & Arn.; F: Impatiens pendula Heyne ex Wight & Arn.
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Figure 4. A: Impatiens minor (DC.) Bennet; B: Impatiens oppositifolia L.; C: Impatiens rufescens Benth. ex Wight & Arn.; D: Impatiens tenella B. Heyne 
ex Wight & Arn; E: Impatiens cuspidata Wight & Arn; F: Impatiens walleriana Hook. f.
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Figure 5. A: Impatiens fruticosa Lesch. ex DC.; B: Impatiens levingei Gamble ex Hook. f.; C: Impatiens scabriuscula Heyne; D: Impatiens latifolia Wight.; 
E: Impatiens modesta Wight; F: Impatiens balsamina L.
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Figure 6. A-I Shows the rapids in pollen grains. A: Impatiens tenella B. Heyne ex Wight & Arn.; B: Impatiens rufescens Benth. ex Wight & Arn.; C: 
Impatiens pendula Heyne ex Wight & Arn.; D: Impatiens minor (DC.) Bennet; E: Impatiens leschenaultii (DC.) Wall. ex Wight & Arn.; F: Impatiens grandis 
Heyne; G: Impatiens gardneriana Wight; H: Impatiens walleriana Hook. f. I:  Impatiens scabriuscula Heyne. J: pollen thread in Impatiens scabriuscula.
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(1.09 µm). Most of the examined pollen shape is prolate 
(10 spp.) or subprolate (5 spp.) and prolate-spheroidal (3 
spp.), respectively (Table 2).
Shape in polar view 
The present study observed a wide range of pollen shape 
within the Nilgiris Impatiens species, varying from rect-
angular, circular, elliptic, triangular, elliptic-circular and 
quadrangular of all the studied Impatiens. The shape of 
majority of the pollen grains (6 spp.) of genus Impatiens are 
rectangular. Some others are elliptic (4 spp.) and about 2 
species are elliptic-circular.  Alternatively, quadrangular, 
triangular, quinquangular shapes have also been observed 
from negligible number (1) of species. Erdtman (1952) 
stated that the shape of the pollen grains determines the 
ratio of polar axis and equatorial diameter. The present 
study recorded the highest P/E ratio in I. walleriana (1.78) 
and the lowest was observed in I. modesta (1.09) (Table 1).
Exine ornamentation 
The reticulate exines ornamentation was observed in most 
of the Impatiens species except for I. fruticosa which showed 
a rather distinct echinate type of ornamentation. The 
highest lumen diameter was recorded in I. clavicornu (2.86 
µm) and lowest was observed in I. scabriuscula (1.12 µm).
Aperture characters 
The apertures observed within Impatiens are simple and 
mostly monocolpate, dicolpate, tricolpate and tetracol-
pate. The colpate aperature is monocolpate with four 
taxa (I. scabriuscula, I. rufescens, I. latifolia and I.cuspidata), 
dicolpate with one taxa (I. balsamina), tricolpate with 2 
taxa (I. levingei and I. clavicornu,) and tetracolpate is single 
taxa (I. walleriana), respectively. It is clear from our data 
that the aperture condition greatly defines pollen shape; 
the number of aperture and polar view also should be 
considered as dependent characters ( Janssens et al. 2012).
Raphides
In all Impatiens species examined, there are some polyno-
logical features that are rare in the species, especially in 
case of I. scabriuscula, I. walleriana, I. tenella, I. rufescens, I. 
pendula, I. minor, I. leschenaultii, I. grandis and I. gardneriana. 
They could easily be distinguished from other species by 
the presence of raphides. 
Pollen threads were observed in only mature anthers 
of I. scabriuscula shown in Figure 6 as white arrowheads 
in photo J but are present in the majority of the Asian 
Impatiens (Vogel and Cocucci 1988). These fine cellulose 
fibers form a dense network covering the anther slits. 
Most of the grains have granules in the foot layer in 
the lumina at the inside of the lumina. Granules can be 
solitary or interconnected and fused with neighboring 
muri. Although, rarely present in Impatiens a few south 
Indian species with a reticulate ornamentation pattern are 
characterized by a microreticulate margo in I. cuspidata.
Discussion
Palynology of genus Impatiens as described in Table 3. are 
generally prepared for observing the characteristic feature 
of Impatiens species under the SEM without disturb-
ing the characteristic morphological features. For such 
characterization, the following features of pollen grains, 
pollen shape and exine ornamentation were observed 
which might greatly help in the identification of the genus 
Impatiens under study. It is apparent from other related 
studies that routine morphological feature assessment 
does not always give complete proof or identity of species. 
Presence or absence of raphides was also differed 
from one another thus they might appear differently to 
view under SEM technique. Kubilzki (2004a, b); Lens et 
al. (2005) considered all subclades of balsaminoids were 
found to have the features of raphides, grouped under the 
Ericales. Pollen threads were observed in only mature 
anthers of I. scabriuscula but are present in the majority 
of the Asian Impatiens (Vogel and Cocucci 1988).
Categorizing genus Impatiens into different groups 
based on colporate alone does not however reflect their 
complete variation. It also adds that pollen grains are mi-
croscopically versatile requiring wide range of variables 
at polarity, symmetry, sexine ornamentation, shape and 
polar view as differentiating factors. These features have 
been observed for the monocolpate to biological charac-
teristics which can be an aid to identification of species of 
Impatiens. In number of apertures, pollen grains of genus 
Impatiens are monocolpate to tetracolpate. Certain species 
are however no colpate.
The size of the pollen grains facilitated the differ-
entiation of pollen grain with small as well as medium 
under SEM. Because of only small and medium size 
variations involved in the size for the differentiation of 
pollen grains, attention has been focused on the study of 
equatorial axis of pollen grains. The equatorial axis less 
than 14.66 (µm) has not been observed in Asian Impatiens 
under SEM. Majority of pollen grains of Impatiens species 
are smaller than 28.52 µm. The mean average E-axis of 
Asian Impatiens was about 16.522 µm.
Because of the variation on the polar axis, they are 
being classified as rectangular, quadrangular, elliptic, 
circular, triangular, etc. Majority of the large sized pollen 
grains are rectangular and elliptic circular type. The het-
erogeneity in the shape of pollen grain in genus Impatiens 
implies that distinct shapes of prolate, subprolate, prolate 
spheroidal are evident. The pollen grains of I. gardneriana 
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Wight exhibited the highest equatorial axis with the el-
liptical circular polar axis and prolate spheroidal shape. 
The pollen grains of African genus Impatiens on the other 
hand possess no prolate pollen ( Janssens et al. 2012). The 
results of the present study are not in accordance with 
the findings of Janssens et al. (2012). They reported the 
pollen grains of genus I. leschenaultii were quadrangular 
in shape. But the present study revealed the shape was 
rectangular. 
Pollen grains of Asian Impatiens are generally mono-
colpate. Bi-, tri- and tetracolpate are also present in 
Asian Impatiens. Perveen and Qaiser (2001) recognized 
tetracolpate, rectangular and reticulate from Pakistan. 
Grey-Wilson (1980a) was the first to stress the possible 
value of pollen characters to tackle taxonomical questions 
in Impatiens as he used pollen morphological data to detect 
possible hybrids and to optimize his species aggregation 
hypothesis on African Impatiens. 
The pollen grains of Asian Impatiens are aporus and 
the pollen grains of African Impatiens on the other hand 
possessed frequently distributed pori. This is supportive 
in agreement to the results observed by Huynh (1968); 
Grey-Wilson (1980b). The sexine ornamentation of the 
Asian Impatiens shows reticulate type and plesiomorphic. 
The lumen size of Asian Impatiens varies considerably 
among clades or even between closely related species. One 
species was Echinate (I. fruticosa Lesch. ex DC). Similarly, 
different species of Asian Impatiens such as I.  cyclocoma, 
I. javensis, I. hirsuta and I.  fruticosa) were found to have 
echinate sexine ornamentation. 
Ruchisansakun et al. (2015) stated that the combination 
of molecular phylogenetic and morphological character 
has facilitated the delimitation of natural infrageneric 
lineage within the complex genus Impatiens and suggested 
that even though molecular species demonstrated the 
critical nature of previous Impatiens classification, new 
monophyletic and clearly diagnosable lineages can be 
found in via extended character state research. Yu et al. 
(2015) analyzed the pollen, seed morphology and phylog-
eny of Impatiens using the three molecular markers such 
as ITS, atpB and trnL-F.
Pollen grains are generally four-aperturate. Tri-aper-
turate pollen is also present in African balsams but less 
frequent compared to four-aperturate pollen ( Janssens et 
al. 2012). Balsaminaceae that shows a distinct variation 
is the granule density within the lumina or they can be 
fused with each other forming a dense mass. Another 
pollen character within Balsaminaceae shows a distinct 
variation as the granule density in the lumina ( Janssens 
et al. 2005). Granules can either be absent or very sparse 
or they can be fused with each other and with neighbor-
ing muri. In some cases, granules fill nearly the entire 
lumina (Janssens et al. 2018). According to recent analysis 
( Janssens 2006, 2007, 2009b) these species are closely 
related thereby suggesting that the presence or absence 
of a margo might be a taxonomically useful character 
within Asian Impatiens. 
Key to species based on pollen morphology
Conclusion
The result concluded that the peculiar characteristics 
of Impatiens pollen are medium sized, quadrangular, 
reticulate and exine ornamentation. The palynological 
features may appear as tough to differentiate species 
but in reality, they are fascinating and quite useful for 
classification and identification of closely related spe-
cies in a genus. The lack of simplified, illustrated SEM 
analysis is the major constrain experienced by several 
1a. Sexine echinate 6. I. fruticosa
b. Sexine reticulate 2.
2a. Shape prolate 3.
b. Shape subprolate 12.
3a. Radial symmetry 9. I. levingei
b. Bilateral symmetry 4.
4a. Heteropolar 4. I. latifolia
b. Isopolar 5.
5a. Pollen size small 1. I. balsamina
b. Pollen size medium 6.
6a. Polar axis < 35 µm 18. I. walleriana
b. Polar axis > 35 µm 7.
7a. Aperturate 16. I. scabriuscula
b. Non aperturate 8.
8a. Lumen diameter <1.85 µm 10. I. leschenaultii
b. Lumen diameter >1.85 µm 9.
9a. P/E ratio >1.8 µm 13. I. oppositifolia
b. P/E ratio <1.8 µm 10.
10a. Polar view elliptic 5. I. fasciculata
b. Polar view rectangular 11.
11a. Equatorial view <17µm 17. I. tenella
b. Equatorial view >17 µm 12. I. minor
12a. Polar view quinquangular 15. I. rufescens
b. Polar view not quinquangular 13.
13a. Heteropolar 2. I. clavicornu
b. Isopolar 14.
14a. Pollen size small 14. I. pendula
b. Pollen size medium 15.
15a. Colpate- 1 3. I. cuspidata
b. Colpate-2 16.
16a. Prolate-spheroidal 17.
b. Other than prolate-spheroidal 7. I. grandis
17a. Radial symmetry 8. I. gardneriana
b. Bilateral symmetry 11. I. modesta
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systematic researchers. Palynological feature through 
SEM differentiation is the best procedure to justify the 
species and phylogenetic relationship. The present study, 
in addition with the reference from the previous literature 
confirmed the pollen morphological character through 
SEM is inevitable for the taxonomic identification of the 
species and it will be the base line information resolving 
many taxonomical problems on evolutionary relation-
ship of plant species grouped under respective families. 
Therefore, SEM analysis is a valuable tool for studying 
the pollen morphological features for the species identi-
fication of genus Impatiens.
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Composting has always been one of the most effective 
strategies for organic waste recycling (Santos et al. 2011) 
and is also a beneficial practice to improve soil structure 
(Celik et al. 2004) and its restoration (Scotti et al. 2016). 
Generally, soil with compost amendments had a positive 
effect on crop lands fertility and productivity (Celik et 
al. 2004; Pérez-Piqueres et al. 2006). Indeed, compost, a 
product of the composting process, is considered an im-
portant source of nutrients for cultivated plants (Duong 
et al. 2012) by enhancing plant yields and protecting them 
from numerous soil-borne pathogens (Pane et al. 2013).
Composting phosphate laundered sludge to produce 
phospho-compost biofertilizer is an important way to be 
explored to valorize these sludges, which still contains a 
significant amount of phosphorus, stored at phosphate 
mine sites (Hakkou et al. 2009; Ouakibi et al. 2013). In 
this sense, very satisfactory results were noted in bean 
plants: culture substrates containing 2.5 and 7.5% of 
phospho-compost showed a significant impact on growth 
and yield parameters (El Gabardi et al. 2019b). 
The efficiency of phosphate sludges, as an essential 
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The study aims to evaluate the eff ect of endomycorrhizal inoculum 
(arbuscular mycorrhizal fungi), phospho-compost and phosphate sludge in single (M, PC, 
PS) or dual combinations (PC+M, PS+M, PS+PC) compared to agricultural and Mamora 
soils (A and S) on the growth, fl owering, and yield of tomato plants. Among the studied 
treatments, the substrates containing 5% of phospho-compost combined with endomy-
corrhizal inoculum (PC+M) gave the most positive eff ect followed by phospho-compost 
(PC) and endomycorrhizal inoculum (M). In response to PC+M substrate, tomato plant 
height, the number of leaves and fl owers attained 90 cm, 30, and 25, respectively. In 
substrates PC and M, tomato plants showed a height of 85 and 75 cm, leaves number 
of 30 and 19 leave/plant and number of fl owers of 21, and 19 fl ower/plant. An opti-
mal yield with (12 fruits/plant) was recorded in tomato plants grown on the substrate 
amended with bio-inoculant (AMF) and phospho-compost at a rate of 5%. In terms of 
qualitative parameters, the highest fresh and dry weight of aerial plant parts and root 
system were recorded in tomato plants grown in culture substrate incorporating 10 g 
of endomycorrhizal inoculum and 5% of phospho-compost reaching respectively103.4 
g, 34 g 90.1 g, 28.9 g as compared to 87, 51, 23 and 24.1 g noted by tomato plants on 
the substrate with phospho-compost (5%) (PC). The highest mycorrhization parameters 
(frequency (F), intensity of mycorrhization (M), average arbuscular content (A), average 
vesicular content (V), average intraradicular spore content (S)) were found in the roots 
of tomato plants growing on substrates amended with 5% phospho-compost plus 10 
g of endomycorrhizal inoculum, with percentages of 100% F, 61% M, 40.67% A, 18.36% 
























component of phospho-compost, is due to its richness 
of infectious propagules of arbuscular mycorrhizal fungi 
(El Gabardi et al. 2019c, d). These microorganisms have 
the potential to solubilize the phosphate and can convert 
insoluble phosphate into soluble forms available to plants 
(Pradhan and Sukla 2006; Sharma et al. 2007), thus 
increasing the tolerance of plants to soil pathogens and 
abiotic stresses (Smith and Read 2008). They are also like 
better microorganisms capable of improving the yield 
and quality of crops (Hijri 2016). 
Other studies have shown that incorporation of com-
post into the soil represents a reservoir of nutrients to 
plants (Scotti et al. 2016; Yang et al. 2017) which may be 
useful and beneficial for the formation and function-
ing of arbuscular mycorrhizal fungi. Several studies 
have reported that compost addition improved AM root 
colonization, spore production, and development of AM 
extraradical hyphae (Labidi et al. 2007; Valarini et al. 2009; 
Tanwar et al. 2013; Cavagnaro 2015). Also, some research 
has reported that AM fungi can directly take advantage 
of organic matter (Hodge et al. 2001; Govindarajulu et al. 
2005; Jin et al. 2005) which may promote plant growth 
and enhance carbon allocation to soil fungi (Lee et al. 
2004; Donn et al. 2014).
The aim of this work was to investigate in vivo the 
effect of phospho-compost, phosphate laundered sludge 
alone, and in combination with endomycorrhizal inocula 
on the growth and yield of tomato plants.
Materials and Methods
Plant material
Tomato seeds belonging to the Campbell 33 variety were 
superficially disinfected with sodium hypochlorite diluted 
to 1% for 10 min, rinsed thoroughly with sterile distilled 
water, dried and set to pre-germinate in plastic seedling 
trays, filled with wet peat, and covered with a 20-micron 
thick plastic film for two days. After the various treat-
ments, the planting was carried out when the seedlings 
reached 2 true well-spreading leaves (Woo et al. 1996) 
in 17 cm × 14 cm plastic pots and perforated at the base.
Mycorrhizal inoculum
A composite endomycorrhizal inoculum was prepared 
from phosphate sludge and rhizospheric soils of plant 
species grown there and it was used to inoculate myco-
trophic species (e.g., maize, leek, barley, sorghum). The 
inoculum contained multiple endomycorrhizal species, 
31 of which were identified morphologically (El Gabardi 
et al. 2019b): Acaulospora scrobiculata, Acaulospora laevis, 
Acaulospora colossica, Acaulospora gedanensis, Acaulospora 
morrowiae, Acaulospora excavate, Acaulospora sp.1, Acaulospora 
sp.2, Acaulospora sp.3, Entrophospora schenckii, Entrophospora 
kentinensis, Entrophospora infrequens, Glomus intraradices, 
Glomus deserticola, Glomus etunicatum, Glomus caesaris, 
Glomus aggregatum, Glomus aureum, Glomus macrocarpum, 
Glomus mossae, Glomus claroideum, Glomus globiferum, 
Glomus fasciculatum, Glomus versiforme, Glomus pansihalos, 
Glomus manihoti, Glomus verruculosum, Glomus sp., Scutel-
lospora nigra, Scutellospora biornata, and Scutellespora castenea. 
Barley (Hordeum vulgare L.) was used as a host plant to 
multiply the composite mycorrhizal inoculum. Barley 
seeds were disinfected with 5% sodium hypochlorite 
for 2 min, then germinated in plastic pots filled with a 
mixture of sterile sand and endomycorrhizal inoculum. 
After 4 weeks of culture, the barley roots were excised, 
rinsed 3 times with distilled water, and cut into 1 - 2-mm 
long fragments. These root fragments were used as the 
endomycorrhizal inoculum.
Culture substrate
Two culture substrates were used: Mamora soil (S) and 
agricultural soil (A). Mamora soil is a loose structured 
very sandy soil (91.1% sand) with a slightly basic pH of 
7.5. It is characterized by a low cation exchange capacity 
(7 meq/100 g), a very low salinity, and an organic matter 
content of not more than 0.7%. This soil was deficient in 
total phosphorus (0.239%), total potassium 0.15 (meq/100 
g) and total nitrogen (0.05%). The soil was autoclaved 
three times for one hour at 121 °C.
The phospho-compost incorporated into the substrate 
'soil of Mamora' was obtained after composting mining 
waste from phosphate laundered sludge and household 
waste (30% of phosphate sludge and 70% of household 
waste) by the Polyvalent Laboratory in Research and 
Development, Sultan Moulay Slimane University (Beni-
Mellal). The dose of phospho-compost used in this study 
was 5%.
Experiments in tomato was conducted in randomized 
block design with 8 treatment combinations (with ten 
repetitions per treatment and each pot containing only 
one plant), viz,
S: 100% low phosphorus soil (Mamora soil)
A: 100% agricultural soil 
NPK: 100% S amended after 20 days, following trans-
plantation, by NPK (14/28/14) at a rate of 50 mg/
kg of soil.
PC+S: phospho-compost (5%) + S (95%)
S+PS: phosphate sludge (5%) + S (95%)
S+M: S (100%), inoculated with 10 g of AMF (M).
PC+S+M: phospho-compost (5%) + S (95%), inoculated 
with 10 g of AMF (M).
S+S+PS: S (95%) + phosphate sludge (5%), inoculated with 
10 g of AMF (M).
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Tomato seedlings inoculation technique
Tomato plants were transferred separately to plastic 
pots filled with sterile Mamora sand. The inoculation 
of the plants consisted of placing near each root system 
approximately 10 g of inoculum used in the form of the 
infected barley roots, containing propagules of endo-
mycorrhizal fungi. Plastic pots were filled with sterile 
substrate and they were placed in a plastic greenhouse. 
Watering was done with tap water every two days.
Experimental design
The experimental protocol was designed in random blocks 
with ten repetitions per treatment. Each pot contained 
only one plant.
Extraction and identification of spores from growing 
media in pots
Extraction of endomycorrhizal fungi spores from the 
substrate was performed according to the method of 
Gerdemann and Nicolson (1963). The number of spores in 
100 g of soil was estimated by binocular direct counting 
(magnification × 10).They were then mounted on glass 
microscope slideswith polyvinyl alcohol lacto-glycerol 
(PVLG), observed under a microscope (× 40) and classified 
according to their color, size, hypha of attachment and 
their consistency in order to identify their genus  (Ferrer 
and Herrera 1981; Schenck and Smith 1981; Walker and 
Mize 1982; Hall 1984; Schenck and Perez 1987; Morton 
and Benny 1990; Dalpé et al. 1992).
Root staining for the evaluation of AMF root coloniza-
tion 
The roots of the tomato plants which develop on the dif-
ferent substrates were colored, according to the technique 
of brightening and coloring of the roots of Phillips and 
Haymann (1970), to observe the different structures of 
endomycorrhizal fungi. The roots were washed with tap 
water and the finer roots were cut into fragments ap-
proximately 1 cm long. These fragments were bleached 
with a solution of potassium hydroxide: KOH (10%) for 45 
min at 90 °C in the water bath. And then serially whitened 
them for 5 min by adding four drops of 33% H2O2.. Then 
fragments were rinsed with distilled water and stained 
with a solution of cresyl blue for 15 min at 90 °C in water 
bath. They were finally rinsed with distilled water and 
observed using a microscope. The mycorrhizal roots 
proportion was identified for each sample.
Evaluation of the mycorrhization rate
The mycorrhization parameters were evaluated by the 
overall assessment of 30 fragments and described as 
Trouvelot et al. (1986), and Amir and Renard (2003). Root 
fragments were observed at the magnifications of 100 and 
400. The arbuscules and vesicles of AMF frequency and 
levels were measured by assigning an index of mycor-
rhization of 0-5 (0: None; 1: trace; 2: less than 10%; 3: 11 
to 50%; 4: 51 to 90%; 5: more than 91%).
Frequency of mycorrhization (F%)
The frequency of mycorrhization (F%) was calculated by 
the percentage of colonization of the host plant roots in 
arbuscular fungi.
F% = 100 × (N−N0)/ N
N: the number of observed root fragments; N0: the number 
of non-mycorrhizal fragments
Intensity of mycorrhization (M%)
Intensity of AM infection in the root cortex was deter-
mined by the five-class classification system following 
the method described by Trouvelot et al. (1986). This 
measurement is based on the infection (M%) in each root 
segment using values from 0 to 5. Numbers indicate the 
proportion of root cortex colonized by the fungus (0 = 
without colonization; 1 = colonization trace; 2 = less than 
10%; 3 = from 11 to 50%; 4 = from 51 to 90%; and 5 = more 
than 90% of the volume of root segment occupied by the 
fungus). M% was estimated by the following equation: 
M% = (95n5 + 70n4 + 30n3 + 5n2 + n1) / N
where n5, n4, n3, n2, and n1 are the number of fragments 
in the respective categories 5, 4, 3, 2, and 1 (Alarcón and 
Cuenca 2005).
Arbuscular content (A%)
A% = (100 mA3 + 50 mA2 + 10 mA1)/100 
where, mA3, mA2, mA1 are the percentages (%), respec-
tively, assigned to the notes A3, A2, A1, with, mA3 = (95 
n5A3 + 70 n4A3 + 30 n3A3 + 5 n2A3 + n1A3)/N. The 
same for A1 and A2.
In this formula, n5A3 represents the number of frag-
ments noted 5 with A3; n4A3 is the number of fragments 
noted 4 with A3; A0: no arbuscules; A1: some (10%) ar-
buscules; A2: moderately abundant (50%) arbuscules; A3: 
very abundant (100%) arbuscules.
Vesicle content (V%)
V% = (100 mV3 + 50 mV2 + 10 mV1)/100;
Where, mV3, mV2, mV1 are the percentages (%), respec-
tively, assigned to the notes V3, V2, V1, with, mV3 = (95 
n5V3 + 70 n4A3 + 30 n3A3 + 5 n2A3 + n1A3) /N, The 
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same for V1 and V2;
In this formula, n5V3 represents the number of fragments 
noted 5 with V3; n4V3 is the number of fragments noted 
4 with V3; 
V0: no vesicles; V1: some (10%) vesicles; V2: moderately 
abundant (50%) vesicles; V3: very abundant (100%) vesicles.
Quantitative parameters
The growth parameters, the length of the aerial part, 
the number of leaves, the weights of the aerial and root 
parts of the plants which develop on the different used 
substrates, were noted at the end of the experiment. 
Qualitative parameters
The biomass of the aerial part and the fruits fresh weight 
were measured using a precision balance on the same day 
while the root biomass was measured after one night so 
that the rinsing water does not distort the results. The 
dry weights of the aerial and root parts were determined 
after drying at 80 °C for 72 h.
Statistical analysis
The data processing focused on the analysis of variance 
and the PPDS test at the 5% threshold.
Results
The obtained results showed a significant effect of com-
post amendment when combined with endomycorrhi-
zal inoculums on the growth of tomato plants which 
exhibited a higher value of different parameters. In the 
culture substrate containing compost amendement at a 
rate of 5% and 10 g of the endomycorrhizal inoculums, 
the average plant height reached 90 cm, with 30 leaves, 
25 flowers, and 12 fruits per plant. These outcomes dif-
fered significantly from those recorded in tomato plant 
grown in substrate amended with phospho-compost at 
a rate of 5% alone showing an average height of 85 cm, 
with 19 leaves, 21 flowers, and only 9 fruits per plant. 
While in the presence of the third treatment composed 
by endomycorrhizal inoculums, the average height of 
plants was 75 cm with a mean number of 18 leaves, 19 
flowers, and 7 fruits per plant. 
At the opposite, lowest values were observed in plants 
growing on agricultural soil and Mamora soil where 
the average plant height was 55 cm and 50 cm, with 11 
and 10 leaves, 13 and 11 flowers, and 4 fruits per plant, 
respectively (Table 1; Fig. 1 and 2). The data regarding 
plant growth characteristics including fresh weight, 
dry weight of both aerial and root parts represented in 
Table 2, showed significant differences among the tested 
treatments.
The better result was observed in tomato plants grown 
Treatment Plant height (cm) Number of leaves Number of flowers Number of fruits
A 50e 10d 13c 4d
S 55e 11d 11d 4d
S+NPK 65d 15c 10d 5d
S+PS 57e 14c 12cd 4d
S+PS+M 60d 12d 13c 6cd
S+M 75c 18b 19b 7c
S+PC 85b 19b 21b 9b
S+PC+M 90a 30a 25a 12a
Table 1. Averaged quantitative parameters (plant height, number of leaves, flowers, and fruits) of tomato plants as a function of different soil 
substrates.
Two values in the same column followed by the same letter do not differ significantly at the level 5%.
A: 100% agricultural soil; S: 100 % soil; S+NPK: soil+NPK; S+PS: soil + 5% phosphate sludges; S+M: soil + 10 g of endomyrrhizal inoculum; S+PS+M: soil + 5% 
sludges + 10 g of endomycorrhizal inoculum; S+PC: soil + 5% phospho-compost; S+PC+M: soil + 5% phospho-compost + 10 g of endomycorrhizal inoculum.
Figure 1. Tomato plant development on the different culture substrates 
tested. S+PC+M: soil + 5% phospho-compost + 10 g of endomycorrhizal 
inoculum; S+PC: soil + 5% phospho-compost; S+M: 10 g of endomy-
corrhizal inoculum; S+PS: soil + 5% phosphate sludges; S: 100 % soil.
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in substrate supplemented with compost amendment and 
10 g of endomycorrhizal inoculum with 104 g and 34 g for 
fresh weight and dry weight of aerial parts respectively 
exceeding those noted for the fresh weight (90.1 g) and 
dry weight (28.9 g) of root parts. Whilst, in the Mamora 
soil and agricultural soil, the fresh/dry weight of the aerial 
part was the lowest in the order of 14.4 g / 4.5 g, 20.9 g / 
10.2 g, respectively, compared with the respective values 
10.2 g / 2.1 g and 12 g / 4.7 g for the root parts. 
The same trends were observed in the weight of 
tomatoes which was higher in plant developed on sub-
strate amended with phospho-compost at rate of 5% and 
10 g of endomycorrhizal inoculum (70.7 g) followed by 
those noted in substrate supplemented with a rate 5% of 
phospho-compost (63.6 g) and the substrate that only 
contains endomycorrhizal inoculum giving a weight of 
50.7 g. Whereas, the lowest fruit weight was noted in 
tomato plants from agricultural soil and Mamora soil 
with 32.5 g and 27.3 g, respectively (Table 2, Fig. 2 and 3). 
Microscopic observations of tomato roots stained 
with trypan blue after having been taken off from the 
studied culture substrates revealed that all of them were 
mycorrhized (Table 3). They had all structures of AMF 
(arbuscules, vesicles, spores, intra and extra-radicular 
hyphae (Fig. 4). 
The maximal mycorrhizal frequency (100%) was noted 
in roots of tomato plants grown in three substrates. The 
frequency of mycorrhization is maximum (100%) in the 
roots of tomato plants growing on the substrate amended 
with phospho-compost (5%) + 10 g of endomycorrhizal 
inoculum, as well as in those of plants in the substrates 
amended with 10 g of endomycorrhizal inoculum alone 
and with 5% of mud plus 10 g of endomycorrhizal in-
oculum. In addition, the substrates amended with 5% 
phospho-compost alone, 5% mud alone and agricultural 
soil, presented mycorrhization frequencies of 96%, 89% 
and 73%, respectively. However, no significant difference 
was observed between the different treatments at the 5% 
threshold (Table 3).
The intensity of mycorrhization of the roots of to-
mato plants is medium (61%) at the level of the substrate 
amended with 5% of phospho-compost + 10 g of endomy-
corrhizal inoculum and low at the level of the substrates 
amended with 10 g of endomycorrhizal inoculum alone, 
phospho-compost alone, 5% mud plus 10 g of endomycor-
rhizal inoculum, 5% mud alone and agricultural soil, the 
Figure 2. Tomato plant development as regarding plant height (A) and 
fruit caliber produced by tomato plants (B) grown on diff erent culture 
substrates. S: 100 % soil; S+PS: soil + 5% phosphate sludges; S+M: 
soil + 10 g of endomycorrhizal inoculum; S+PC: soil + 5% phospho-
compost; S+PC+M: soil + 5% phospho-compost + 10 g of endomycor-
rhizal inoculum.
Culture substrates FWA (g) DWA (g) FWR (g) DWR (g) WF (g) 
A 20.9e 10.2f 12f 4.7e 32.5e
S 14.4f 4.5d 10.2f 2.1f 27.3f
S+NPK 43.6c 16.7c 24e 7.4d 36.4e
S+PS 34.5d 14.9d 14f 5.1e 29.6f
S+M 45c 12e 42c 13.8c 50.7c
S+PS+M 37.7d 9,9f 32d 11.1c 43.6d
S+PC 87b 23b 51b 24.1b 63.6b
S+PC+M 103.4a 34a 90.1a 28.9a 70.7a
Table 2. Eff ect of diff erent culture substrates on the averaged growth and yield parameters of tomato plants.
Two values in the same column followed by the same letter do not differ significantly at the level 5%.
FWA: fresh weight of aerial part; DWA: dry weight of aerial part; FWR: fresh weight of root part; DWR: dry weight of root; WF: weight of fruits. 
A: 100% agricultural soil; S: 100 % soil; S+NPK: soil+NPK; S+PS: soil + 5% phosphate sludges; S+M: soil + 10 g of endomyrrhizal inoculum; S+PS+M: soil + 5% 
phosphate sludges + 10 g of endomycorrhizal inoculum; S+PC: soil + 5% phospho-compost; S+PC+M: soil + 5% phospho-compost + 10 g of endomycorrhizal 
inoculum.
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percentages of which are 38%, 35%, 27%, 19% and 12%, 
respectively. 
The average arbuscular content was higher in tomato 
plants grown on the soil which was amended with endo-
mycorrhizal fungi (10 g) and phospho-compost (5%) or 
only with the endomycorrhizal fungi alone registering 
respectively percentages of 40.67% and 39.23%. The low-
est rates of colonization were found on those grown on 
soil adding with sludge (5%) and 10 g of endomycorrhizal 
inoculum (29.56%), 5 g of sludge (16%), phospho-compost-
amended soil (15.81%) as compared to the agricultural 
soil (10%).
As stated above, combining the endomycorrhizal 
inoculum (10 g) and phospho-compost (5%) in culture 
substrate of tomato plants was more favorable showing 
an average content in vesicles of 18.36%, followed by those 
recorded in substrates containing 10 g of endomycor-
rhizal inoculum alone (11.23%), 5% of phospho-compost 
(10.14%), and 5% of mud added with endomycorrhizal 
inoculum (8.45%).
The highest intra-radicular spore content of tomato 
plants (56.9%) was noted in the roots of plants grown on 
the amended substrate with 5% phospho-compost + 10 
g endomycorrhizal inoculum reaching (56.9%) while in 
the substrate supplemented with 10 g endomycorrhizal 
inoculum alone, the content was 33.21% (Table 3). By 
the contrary, the lowest content (13.2%) was recorded in 
the root cortex of tomato plants grown on the substrate 
containing 5% of the phosphate laundered sludge.
The extracted spores had a lower density in all tested 
substrates; 14 and 10 spores / 100 g soil were found in the 
rhizosphere of plants grown in substrate incorporating 
5% of phospho-compost with 10 g of endomycorrhizal 
fungi and that containing endomycorrhizal inoculum 
alone, respectively. The lowest spore numbers, 3 and of 
2 spores / 100 g soil, were detected in the rhizosphere of 
plants developed on substrate enriched with 5% phos-
phate laundered sludge alone and on agricultural soil, 
respectively. 
The morphological study of spores revealed the pres-
ence of 12 different morphotypes represented by the 
following species Acaulospora sporocarpia, Acaulospora 
delicata, Rhizophagus clarus, Acaulospora sp., Rhizophagus 
aggregatus, Funneliformis smoseae, Rhizophagus intraradices, 
Glomus sp., Funneliformis constrictum, Gigaspora gigantia, 
Diversispora trimurales, Acaulospora foveate (Fig. 5). These 
species belonged to the three families (Glomaceae, Acau-
losporaceae and Gigasporaceae), 2 orders (Glomerales and 
Diversisporales).
Discussion
The supply of 5% phospho-compost to the cultivation 
substrate combined with an endomycorrhizal inoculum 
had positively affected all growth and yield parameters of 
tomato plants. Indeed, plant height, their leaves, flowers, 
and fruits number were far greater than those noted in 
plants grown in substrates without supplements. In this 
context, recent study results had revealed that phospho-
compost at a rate 2.5% and 5% increased both growth 
Culture substrates F% M% A% V% S%
A 73b 12f 10e - -
S - - - - -
S+PS 89ab 19e 16d - 13,2d
S+M 100a 38b 39.23 b 11.23b 33,21b
S+PS+M 100a 27 d 29,56c 8.45c 29,91c
S+PC 96a 35c 15.81d 10.14b 31,45bc
S+PC+M 100a 61a 44.67a 18.36a 56,9a
Table 3. Parameters of root mycorrhization of tomato plants grown on diff erent soil substrates.
Two values in the same column followed by the same letter do not differ significantly at the level 5%.
A: 100% agricultural soil; S: 100 % soil; S+PS: soil + 5% phosphate sludges; S+M: soil + 10 g of endomyrrhizal inoculum; S+PS+M: soil + 5% phosphate 
sludges + 10 g of endomycorrhizal inoculum; S+PC: soil + 5% phospho-compost; S+PC+M: soil + 5% phospho-compost + 10 g of endomycorrhizal inoculum.
Figure 3. Root system growth of tomato plants in the response of dif-
ferent soil substrates. A: 100% agricultural soil; S: 100 % soil; S+PS: soil + 
5% phosphate sludges; S+NPK: soil+NPK; S+PS+M: soil + 5% phosphate 
sludges + 10 g of endomycorrhizal inoculum; S+M: soil + 10 g of endo-
mycorrhizal inoculum; S+PC: soil + 5% phospho-compost; S+PC+M: soil 
+ 5% phospho-compost + 10 g of endomycorrhizal inoculum.
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parameters and yield of bean plants (El Gabardi et al. 
2019e).
In accordance with our findings, many other studies 
have shown that the application of organic manure in 
combination with arbuscular mycorrhizal fungi (AMF) 
enhanced crop yield under greenhouse conditions (Gapa-
sin and Ronayre 2003; Diongzon and Gapasin 2000; Ser-
foji et al. 2010) and in the field (Germani and Plenchette 
2005). Akhter et al. (2015) reported a significant effect 
of compost and AMF complex on the growth of tomato 
(Solanum lycopersicum L.) plants reflected by an improve-
ment of root and shoot dry weight of tomato plants as well 
as AMF colonization of the roots. Similarly, El Kinany 
et al. (2019), have demonstrated the beneficial effect of 
compost application and inoculation with a commercial 
strain of the arbuscular mycorrhizal fungi (AMF), Glomus 
iranicum, on the growth of micropropagated date palm 
Figure 4. Endomycorrhizal fungi structures observed in root samples of tomato plants grown in the tested culture substrates: arbuscules (a), 
vesicles (v), spores (s), and intracellular hyphae (hi) (G×400).









Table 4. Spores number counted in the rhizosphere of tomato plants 
growing on diff erent soil substrates.
Two values in the same column followed by the same letter do not differ 
significantly at the 5% threshold.
S: 100 % soil; A: 100% agricultural soil; S+NPK: soil+NPK; S+PC: soil + 5% 
phospho-compost; S+PS: soil + 5% phosphate sludges; Soil+M: 10 g of 
endomycorrhizal inoculum; S+PC+M: soil + 5% phospho-compost + 10 g of 
endomycorrhizal inoculum; S+PS+M: soil + 5% phosphate sludges + 10 g of 
endomycorrhizal inoculum.
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Figure 5. Spores of endomycorrhizal fungal species isolated from the rhizosphere of tomato plants grown on diff erent culture substrates. 1: 
Acaulospora sporocarpia; 2: Acaulospora delicata; 3: Rhizophagus clarum; 4: Acaulospora sp.; 5: Rhizophagus aggregatus; 6: Funneliformis moseae;
7: Rhizophagus intraradices; 8: Glomus sp; 9: Funneliformis constrictum; 10: Gigaspora gigantea; 11: Diversispora trimurales; 12: Acaulospora foveata.
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plantlets. These authors have signed the important con-
tribution of AMF inoculation to micronutrient uptakes 
like iron and zinc. Also, the mixture of compost and AMF 
had contributed to the uptake of another micro-element 
such as Bor (El Kinany et al. 2019).
The incorporation of only 5% of the phospho-compost 
or 10 g mycorrhizal roots by mycorrhizal fungi to the sub-
strate also has a positive effect on growth and yield param-
eters (90 cm, 12 fruits/plant). De Bertoldi et al. (1983) and 
Pommel and Lasserre (1982) noted that soil amendment 
with composts is an agricultural practice that can correct 
plant nutrient deficiencies, ensure adequate nutrition, help 
plants to tolerate stressful situations, maintain optimal soil 
fertility and improve crop quality. Vanai (1995) reported 
that the growth of maize (Zea mays L.) was enhanced after 
the incorporation of urban compost into crop plots. The 
study conducted on tomato cultivation has revealed that 
the production and profitability were optimal with the 
addition of compost rate of 30 t/ha (Kitabala et al. 2016). 
Mouria et al. (2010) found that solid waste compost and 
its extracts increased plant growth parameters and yields 
of tomato crops. Charland et al. (2001) indicated that a 
good compost, even when applied at a low rate, ensured 
yield improvement of cultivated plants with respect to 
those planted in unfertilized soils. Lee et al. (2004) have 
demonstrated that different concentrations of commercial 
compost promote lettuce (Lactuca sativa) growth. In addi-
tion, under soil stress conditions, it has been found that 
two commercial composts incorporated into the soil at a 
4% rate of application tended to the growth, nodulation 
and nitrogen fixationof soybean plants (Glycine max L.) 
(Lawson et al. 1995). El Kadiri Boutchich (2016) claimed 
the efficiency of composts based on sewage sludge, and 
wastewater alone or mixed with organic substrates on 
the growth of wheat shoot and roots. 
In agreement with our results, Salvioli et al. (2008) 
suggested that AMF application provides numerous 
benefits on both the quantity and quality of tomato 
productivity. Those of El Amerany et al. (2019) reported 
that tomato growth parameters significantly improved 
in mycorrhized plants compared to non-mycorrhized 
plants. Jochems-Tanguay (2014) reported that inoculation 
with endomycorrhizal fungi increased average crop yields 
by 0.079 t/ha (2.4%) for soybeans and 3.3 t/ha (8.7%) for 
potatoes. According to (Koomen et al. 1987), the use of 
mixed (multiple) inoculums was equally or more effective 
than inoculum with only a single species in promoting 
plant growth in a low-phosphate soil at pH 4.8 and pH 6.8. 
Cosme et al. (2018) showed that the roots of more than 
71% of vascular plant species, such as tomato, can get in 
symbiosis with AMF. Nevertheless, its ultimate effect 
on plant growth may vary upon fungal species involved 
in the association (Koomen et al. 1987; Duponnois et al. 
2013; Chen et al. 2017).
Regarding the impact of different tested substrates 
on the mycorrhizal statuts of tomato plants, it revealed 
that combination of 5% of phospho-compost and 10 
g of endomycorrhizal inoculum in substrate had the 
greatest benefits as evidenced by increased rates of root 
colonization and mycorrhizal intensity, arbuscular and 
vesicular contents and densities of spores encountered 
in rhizospheric soil of tomato plants.
Thereby, our findings indicated that AM fungal spore 
density, AM root colonization and extraradicular hyphae 
density were improved by this substrate. These results 
were consistent with previous studies which suggest 
that compost addition most often had a positive effect on 
AM growth, and sporulation (Labidi et al. 2007; Tanwar 
et al. 2013; Cavagnaro 2015). According to Gryndler et 
al. (2009), this beneficial effect can be attributed to the 
richness of compost with humic acid capable to stimulate 
arbuscular mycorrhizal hyphal growth and sporulation. 
For Yang et al. (2017), N, P-rich compost can also stimulate 
them. Indeed, AM fungi will grow more when the soil 
available phosphorus concentration is sufficient for AM 
growth (Treseder and Allen 2002). According to Yang et al. 
(2018), compost provides a sustained release of P and thus 
maintained a moderate level of soil available phosphorus. 
Valarini et al. (2009) have reported significant increases 
in root colonization of wheat and bean as the dose of 
compost added to culture substrate increases. However, 
Copetta et al. (2011) observed that AM root colonization 
in S. lycopersicum decreased along with increasing compost 
addition gradient. In view of these inconsistent results, 
AM fungi responses to compost may be influenced by 
compost type (Copetta et al. 2011; Cavagnaro, 2014), 
plant species (Copetta et al. 2011; Cavagnaro 2014), and 
dosage of compost (Copetta et al. 2011).
In the same manner, the spore density of AMF was 
differently affected by studied substrates where the most 
efficient containing 5% of phospho-compost amendment 
and 10g of endomycorrhizal inoculum which hosted 14 
spores/100 g of soil followed by that incorporating 10 g of 
endomycorrhizal inoculum singly hosting 10 spores/100 
g of soil. Variables densities were reported in sludge soil 
of different sites (El Gabardi et al. 2019d), and in rhizo-
spheric soil of bean as a function of different compost 
doses addition (El Gabardi et al. 2019) or of three crops 
bean, wheat, and grass land receiving compost amend-
ment (Valerini et al. 2009).
Morphological identification of AMF spores collected 
from different growing substrates showed the presence 
of 12 species, and the predominance of the genus Glomus 
which was also encountered in the rhizospheric zone of 
Citrus (Artib et al. 2016), Carob tree (Talbi et al. 2015), 
oleaster (Sghir et al. 2013), date palm tree (Sghir et al. 
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2014), beans (El Gabardi et al. 2019e), phosphate laundered 
sludge (El Gabardi et al. 2019b), and from soil sites adjacent 
to Khouribga phosphate mine (El Gabardi et al. 2019a). 
Conclusion
The combination of phospho-compost produced from 
phosphate-laundered sludge and endomycorrhizal in-
oculum in culture substrate has significantly contributed 
to plant growth improvement. This association seems to 
confer a synergetic effect increasing both plant growth 
and root colonization compared to the single application 
of each amendment. The concomitant presence of these 
biofertilizers has probably facilitated more exchanges 
between the plants and the growing area and will have 
to offer potential protection of the roots against soil 
borne pathogens.
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Introduction
Helichrysum italicum (Roth) G. Don. is an endemic Medi-
terranean plant, widely used in medicine and perfumery 
because of anti-inflammatory, analgesic, antibacterial, 
antistress, anti-depressant sedative properties of its essen-
tial oil (Saint-Lary et al. 2018; Staver et al. 2018; Ninčević 
et al. 2019). An inescapable pressure on this wild resource 
in the last decade resulted in a shift from wild harvest to 
cultivation. Its plantation farming experienced a huge 
expansion in Eastern European Mediterranean countries. 
In Bulgaria the cultivation and processing of Helichrysum 
has been done for several years. As a result of the intensive 
use of the species for extraction of essential oil a large 
amount of agro-industrial residues and by-products 
remain. The content of bioactive compounds in these 
wastes and their potential for application has not been 
investigated so far. Utilization of these wastes would 
be important for the conservation of natural resources 
and also from the point of view for the global concept 
of agro-waste usage (Otles et al. 2015; Saha et al. 2019). 
Two major types of waste are generated: wastewater 
and solid waste biomass. The main approaches to biomass 
conversion are combustion, composting, conventional 
and advanced extraction process, chemical and/or enzy-
matic reactions and development of bioprocess (Kalra et 
al. 2002; Santana-Méridas et al. 2012; Slavov et al. 2017). 
Two common types of substances are mostly recovered 
as by-products (besides the aroma compounds): poly-
phenols and polysaccharides. Most of the applications of 
these chemical-based products have been addressed to ex-
ploit their antioxidant, cosmeceutical and/or pharmaco-
logical properties (Fierascu et al. 2019; Makris et al. 2019; 
Matos et al. 2019; Pandey et al. 2010; Slavov et al. 2019). 
The residual distillation water of some aromatic plant 
may influence monoterpene synthesis and accumulation 
in plants and hence may be used for targeted modification 
of its essential oil composition (Zheljazkov and Astatkie 
2012; Zheljazkov et al. 2010). Another investigation 
reveals potential to recovery of polyphenols (Rusanov 
et al. 2014).
The purpose of the present study was to determine 
the bioactive compounds composition and the free radi-
cal scavenging activity of various waste products from 
the distillation of H. italicum, with a view to guidelines 
for their valorization and application.
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Distillation wastewater, by-products from steam and water distillation 
as well as raw material  used as control of fl ower heads of Helichrysum italicum were 
comparative analyzed for content of the biologically active compounds by GC/MS. Acetone 
exudates, methanol extracts and ethyl acetate fractions obtained after alkaline hydrolyze 
of the studied materials were received. The three types of extraction products as well as 
the distillation wastewater were examined for free radical scavenging activity by DPPH 
assay. Phenol, fatty- and organic acids, sterols, triterpenes, sugars and sugar alcohols 
were identifi ed. Succinic acid and myo-inositol were identifi ed as main components of 
distillation wastewater. Hydroxycinnamic acid, caff eic acid and 4(p)-hydroxybenzoic acid 
were dominant compounds of the ethyl acetate fractions. Triterpenes and fatty acids, 
sterols and fl avonoids are among the main biologically active substances in the metha-
nolic extracts and acetone exudates. The ethyl acetate fractions were found to possess 
the highest free radical scavenging activity (IC50 < 50 µg/mL). Signifi cant diff erences in 
the activity between wastes and raw materials were not found. The results showed that 
the waste products after distillation of H. italicum contain important biologically active 
substances and the extracts with high antioxidant activity can be obtained from them.

























Helichrysum italicum was from the plantation in Institute 
for Roses and Essential and Medicinal Cultures, Kazan-
lak, Bulgaria. The plants originated from Bosnia. They 
were two years old at the time of the investigation. The 
biomass was obtained after vapor and water distillation 
in the semi-industrial installation with 100 dm3 vessel. 
The wastewater was collected after water distillation.
Extractions of plant materials
Acetone exudates were prepared from air-dried, not 
grounded aerial parts of the samples (raw material and 
waste from distillation) by rinsed with acetone for 5 min 
to dissolve the material accumulated on the surfaces. 
Methanolic extracts were prepared from air-dried, ground 
plant parts of studied samples by classical maceration with 
methanol for 24 h. Ethyl acetate fractions were obtained 
by alkaline hydrolyze of the plant material of the studied 
samples by 2 M NaOH, for 4 h at room temperature. 
After acidification to pH 1-2 with cc. HCl, the phenolic 
compounds were extracted with EtOAc two times and 
after that evaporated to obtain fraction rich on alkaline 
hydrolysable phenolic acids. Distillation wastewater was 
evaporated to dryness. The obtained extractions, fractions 
and dry residue from the distillation water were silylated 
with 50 μL of N,O-bis-(trimethylsilyl)trifluoro-acetamide 
(BSTFA) in 50 μL of pyridine for 2 h at 50 °C.
Gas chromatography mass spectrometry (GC–MS) analy-
sis. 
The GC-MS spectra were recorded on a Thermo Scientific 
Focus gas chromatograph coupled with Thermo Scientific 
dual stage quadrupole (DSQ) mass detector operating in 
electron ionization (EI) mode at 70 eV. A DB-5MS column 
(30 m x 0.25 mm x 0.25 μm) was used. Chromatographic 
conditions were described by Nikolova et al. (2016). The 
metabolites were identified as TMSi derivatives com-
paring their mass spectra and Kovats Indexes (RI) with 
those of an on-line available plant specific database (Golm 
Metabolome Database). The amounts of the metabolites 
(µg/mL) are expressed relative to the internal standard 
(3,4 dichloro-4-hidroxybenzoic acid) using the calculated 
areas for both components.
Free radical scavenging activity
The effect of methanolic extracts, acetone exudates and 
ethyl acetate fractions as well as distillation wastewater on 
DPPH radicals was estimated according to Stanojević et 
al. (2009). The results were calculated by GraphPad Prism 
ver. 3.00. All experiments were carried out in triplicate.
Results 
Methanolic extracts, acetone exudates and ethyl acetate 
fractions were obtained in search for biologically active 
substances in the waste products from the distillation of 
the flower heads of H. italicum. Thirty-two compounds 
were identified. Acetone exudates contain lipophilic 
compounds accumulated on the surface areas of the plant 
material whereas methanolic extracts contain polar and 
lipophilic compounds. The identified compounds are 
presented at Table 1. In the acetone exudates the main 
components were identified as triterpene acids (11,12). 
Stigmasterol (8), β-sitosterol (9) and β-amyrin (10) were 
established also. Flavonoid aglycones - quercetin (24) and 
methyl derivatives of apigenin (22,23) and luteolin (25) 
were detected. A variety of phenolic acids – caffeic (32), 
4(p)-hydroxybenzoic (26), vanillic, (27) protocatechuic (28), 
hydroxycinnamic (30) were found. Fatty acids and alcohols 
were also determined. Chlorogenic (33) and quinic (29) 
acids, kaempferol 4-methyl ether (21) and tocopherol (6) 
were found only in the acetone exudate of raw material.
In the methanolic extracts monosaccharides – fructose 
(18), glycose (19) and sugar derivatives - myo-inositol (20) 
as well as triterpene acids were found in the significant 
amounts. Free phenolic acids, fatty- and organic acids as 
well as flavonoids were also found.
Ethyl acetate fractions comprise mainly alkaline hy-
drolysable phenolic acids. Caffeic (32) and hydroxycin-
namic (30) acids were determined as main phenolic acids. 
Protocatechuic acid (28) was also abundant in the fraction 
of untreated flower heads moreover, gallic acid (31) was 
found only in this sample. The detailed information is 
presented at Table 2.
In the distillation wastewater the main component 
was identified as myo-inositol (sugar alcohol) (20) around 
Figure 1. Free radical scavenging activity of the wastes after distillation 
and raw material of H. italicum.
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66% of all identified compounds. Succinic acid (14) was 
the second component presented also in large amount. 
The results are presented at Table 1.
Methanolic extracts, acetone exudates and ethyl acetate 
fractions as well as distillation wastewater were evalu-
ated for free radical scavenging activity against DPPH 
radicals. The results are presented as IC50 values - extract 
concentration providing 50% inhibition of the DPPH 
solution (Fig.1). With exception of acetone exudates, the 
methanolic extracts, ethyl acetate fractions and distillation 
wastewater showed significant activity with IC50 values 
less than 50 µg mL-1. The ethyl acetate fractions displayed 
Compounds RI Acetone exudates* Methanolic extracts* DWW
RM SD WD RM SD WD
Fatty alcohols and acids
Tetradecanol (1) 1757 36.4 8.1 0.4 0.1 2.8
Hexadecanol (2) 1955 8.2 7.4 5.95 14.5 5.5 13.4
Hexadecanoic acid (3) 2041 292.7 28.5 28.5 519.3 686.2 741.8
Octadecanoic acid (4) 2124 222 10.4 62 56.8 3.6 4.3
Hexacosanol (5) 2938 99.3 0.1 0.8 176.2 0.1 73.4
Sterols and triterpenes
Tocopherol (6) 3122 6.9 12.2
Campesterol (7) 3265 16.4 9 0.1 1.5
Stigmasterol (8) 3319 33.25 61.05 47.6 37.8 2.4 12.7
β-Sitosterol (9) 3335 16 138.4 27.1 33 8.2 13.7
β-Amyrin (10) 3415 9.13 8.1 9.1 0.2 0.2
Triterpene acid 1 (11) 3733 46.45 122 55.95 153.7 77.2 580
Triterpene acid 2 (12) 3778 156.2 386 122.7 463.4 1268.5 5117.9
Organic acids, sugars and sugar derivatives
Phosphoric acid (13) 1120 14.9 0.2 2.2 33 5.4 11.4 0.2
Succinic acid (14) 1310 14.9 0.9 6.25 26.5 23.6 67.3 26.9
Malic acid (15) 1488 16.1 1.7 2.2 28.5 43.9 184.1
Meso-erythritol (16) 1493 31.3 5.3 4.2 0.5
Pyroglutamic acid (17) 1512 9.75 10.1 31.8 1
Fructose (18) 1805 88.1 8.65 8.7 410.3 326.2 230.7
Glucose (19) 1882 176.4 3.85 3.8 157.2 227.4 195.6
Myo-Inositol (20) 2093 6.6 10.6 1.4 42.4 497.4 749.6 66.5
Flavonoid aglycones
Kaempferol 4-Me (21) 3001 0.45 0.08
Apigenin 4ˈ-Me (22) 3040 5.2 2.8 2.05 0.4 1.5
Scutellarein 6,4ˈ-Me (23) 3108 6.9 7.8 3.7 0.9
Quercetin (24) 3192 0.2 0.5 0.6
Luteolin 7,4ˈ-Me (25) 3240 1 0.5 1.4 0.05 0.6 2.2
Free phenolic acids
4(p)-hydroxybenzoic acid (26) 1635 2.75 4.3 3.4 15 6.4 2.2
Vanillic acid (27) 1776 0.5 1.55 4.55 1.4 10.9 11.10 0.3
Protocatechuic acid (28) 1813 0.1 3.95 4.3 34.3 2.5 27.2
Quinic acid (29) 1863 38 0.6 98.1 170.2 30.4
Hydroxycinnamic acid (30) 1932 2.6 1.5 5.8 0.9 4
Gallic acid (31) 1960 1.6 2.7
Caffeic acid (32) 2131 13.65 1.4 0.5 9.1 5.6 19.6
Chlorogenic acid (33) 3110 3.8 16.2 1.4 28.2
RM – raw material; SD - waste after steam distillation; WD - waste after water distillation; DWW- distillation waste water; Me - methyl ether *data were 
expressed for each analyte relative to the internal standard (3,4 dichloro-4-hidroxybenzoic acid) using the calculated areas for both components
Table 1. Compounds identified of acetone exudates and methanolic extracts of the wastes after distillation and raw material of H. italicum.
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the most significant activity whereas the acetone exudates 
the lowest upper 200 µg mL-1. Significant difference in 
the antiradical properties between extracts and fractions 
of different waste products was not found.
Discussion
The results presented show that the waste products from 
the distillation of essential oil of H. italicum contain im-
portant bioactive compounds. Triterpenes and sterols 
are bioactive substances that have been shown to possess 
anti-inflammatory, antimicrobial, antiallergic, antiviral, 
hepatoprotective, cytotoxic and other important bio-
logical activities (Holanda et al. 2008; Sultana and Ata 
2008; Vázquez et al. 2012). The presence of triterpenes 
in H. italicum has already been reported in the literature 
(Mezzetti et al. 1970; Nostro et al. 2000; Guinoiseau 
et al. 2013). The occurrence of triterpene acids in sig-
nificant amounts in the extracts from by-products after 
steam and water distillation was found in the present 
study. Significant free radical scavenging activity has 
been reported for H. italicum (Molnar et al. 2017) that is 
consistent with received data of DPPH assay in the pres-
ent work. Phenolic acids have been determined as main 
contributors of antioxidant properties (Sato et al. 2011). 
A variety of this class compounds were established in 
the methanolic extracts and ethyl acetate fractions of the 
waste products and raw materials. The high antiradical 
activity of the extracts and fractions is suggested to be 
due precisely to the high content of phenolic acids in 
them. Myo-inositol and succinic acid were established 
as dominant components in the distillation wastewater. 
Antitumor properties, beneficial effect on diseases such 
as diabetes, obesity and neurodegenerative disorders have 
been reported for myo-inositol and its derivatives (Bizzarri 
et al. 2016; Chhetri, 2019). Antibacterial action and use in 
the treatment of acne has been reported for succinic acid 
(Wang et al. 2014). Later research outlined succinic acid as 
a promising compound for use in cosmetics (Theunissen 
and Courbes 2018). These data indicate that distillation 
wastewater could find application in cosmetic products.
Conclusion
The results presented here indicate that the waste prod-
ucts from the distillation of H. italicum contain important 
bioactive compounds - triterpene acids, sterols, phenolic 
acids, sugar alcohols - substances with important biologi-
cal activities. These data outline the possibility from the 
waste materials of H. italicum to be recovered fractions 
or pure compounds with valuable properties. Finding 
application of these waste products will allow a fuller 
use of the plant material of the species. 
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Nanoparticles (NPs) owing to excellent features have 
continued to find relevance in different scientific domains 
such as medicine, food, cosmetics, textiles, etc. based on 
their size, distribution, and morphology (Sorescu et al. 
2016). They are very important because of the atom-like 
characteristics resulting from a large surface area to 
volume ratio among many others (Nithya and Kalyana-
sundharam 2019). Nanostructures, (NS) be it metallic 
(gold, silver, platinum, zinc, etc.) or their corresponding 
oxides such as zinc oxide are synthesised via physical, 
chemical, and biological methods. However, due to side 
effects resulting from chemical synthesis involving the 
use of dangerous chemicals leading to the release or 
production of environmentally unfriendly by-products, 
interest in an eco-friendly method found in biological 
procedures becomes germane (Ogunyemi et al. 2019).
The use of medicinal plants in the biosynthesis of NPs 
is a laudable and/ or better alternative aimed or embraced 
for the production of safe NS devoid of toxic substances. 
The reason for the medicinal plant usage or exploration 
has been attributed to the presence of functional groups 
arising from the inherent phytoconstituents such as 
phenols, flavonoids, alkaloids, amide, amine, terpenoids, 
etc. (Rai and Ingle 2012; Ogunyemi et al. 2019)
Zinc oxide, a metallic oxide NP, classed with the likes 
of Au, C, and graphene is regarded as a superior NS as 
a result of its wide and numerous applications in elec-
tronics, biology, medicine, communication, etc. In fact, 
immense progress on the use or application of this NP 
has continued to be felt particularly in the area of gene 
delivery, biological identification/labelling, drug develop-
ment/delivery, biological sensor, nanomedicine, optical/
chemical properties and so on. Additionally, the recent 
trend in the use of natural products in the synthesis of NPs 
had also been explored with ZnO. It is therefore interest-
ing to note that quite a number of plants including but 
not limited to Aloe barbadensis, Abutilon indicum, Solanum 
torvum, Laurus nobilis, Olea europaea, Hibiscus subdariffa, C. 
halicabum, Costus igneus, etc. have found their relevance 
as used in the ZnONPs synthesis (Sangeetha et al. 2011; 
Bala et al. 2015; Nithya and Kalyanasundharam 2019; 
Prashanth et al. 2018; Ezealisiji et al. 2019; Fakhari et al. 
2019; Ogunyemi et al. 2019; Vinotha et al. 2019)  with 
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established antibacterial, antioxidant and antidiabetic 
effects. Additionally, in the review compiled by Vishnu-
kumar and others (2018), it was evident that the part of 
plants mostly studied for ZnONPs applications is their 
leaves. Notwithstanding the afore-mentioned, very few 
reports are available in the literature on the antioxidative 
and antidiabetic effects of plant synthesised ZnONPs 
(Vishnukumar et al. 2018).
It is interesting to state that quite a number of studies 
centred on modifying the processes involved in the syn-
thesis of zinc oxide nanoparticles have been reported by 
various authors as cited in the work of Vishnukumar et al. 
(2018), these modifications were in an effort to establish 
methods with better potentials of the NPs. While some 
reports studied the impact of varying concentrations, 
different solvents (during synthesis), temperature, etc. 
on the crystallite size of the synthesised nanoparticles, 
others investigated the need to maintain the pH using 
NaOH to enhance the precipitation kinetics. To a very 
large extent, high concentration and temperature are 
opined to bring about a reduction in the (crystallite) size 
of the NPs while a NaOH mediated synthesis presented 
a larger size NS as witnessed in a study using Coriandrum 
sativum leaf extract.
In terms of application and/ or biomedical advance-
ment of phyto-synthesised ZnONPs, efforts on a number 
of plants had culminated into huge successes in diseases 
management (against free radical, cancer, bacterial and 
fungal infections, etc.), drug development, cosmetics, 
optical devices, solar cells, etc. (Vishnukumar et al. 2018). 
Lessertia montana (previously Sutherlandia montana), 
a member of the Fabaceae family is a South African 
indigenous plant whose ethnobotanical attributes and 
indigenous uses were well reported in the work of Ashafa 
et al. (2019). The pharmacological potentials of the leaf and 
whole plant as an anticancer, anti-stress, antidepressant, 
anti-HIV, antioxidant and antidiabetic are adequately 
submitted in the different reports and/ or reviews (van 
Wyk and Albrecht 2008; Aboyade et al. 2014). In fact, the 
phytochemical determination, antioxidative and antidia-
betic properties of the seeds, pods and leaf extracts of the 
plant were evaluated in our laboratory (Alimi and Ashafa, 
2018; Ashafa et al. 2019) and these studies revealed the 
superior pharmacological benefits of the leaves than other 
parts. Hence, this study was designed to investigate the 
antioxidant and antidiabetic potentials (in vitro) of zinc 
oxide nanoparticles synthesised from L. montana.
MATERIALS AND METHODS
Chemicals
Acarbose, quercetin, p-nitrophenyl-α-D-glucopyranoside 
(pNPG), porcine pancreatic α-amylase, rat intestinal 
α-glucosidase, 1, 1-diphenyl-2-picrylhydrazyl (DPPH) and 
2, 2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid 
(ABTS) were purchased from Sigma-Aldrich (South Africa) 
while zinc oxide was obtained from Merck Chemicals 
(South Africa). The water used was glass distilled while 
other chemicals/reagents used were of analytical grade.
Preparation of plant extracts
The whole plant of Lessertia montana was collected in 
Kestell, eastern Free State, South Africa. It was identified 
and authenticated by Prof Ashafa of the Plant Sciences 
Department at the University of the Free State and the 
voucher specimen (Alimed/01/2016/QHb) was deposited 
in the University herbarium.  The IUCN policy state-
ment on research concerning plant species at risk of 
extinction was adhered to and the plant was confirmed 
not to be near extinction as it was listed as a plant of the 
least concern according to the red list of plants by South 
Africa National Biodiversity Institute (SANBI) (http://
redlist.sanbi.org/genus.php?genus=3050). The leaves were 
separated from the whole plant, washed under running 
water, and air-dried at room temperature until the at-
tainment of uniform weight after 4 days. The dried leaf 
materials were afterward ground into powder using a 
laboratory blender (Warring Instrument, USA). The 
acquisition of the L. montana aqueous leaf extract accord-
ing to Ogunyemi et al. (2019) with slight modification 
was achieved by weighing 2 g of the samples in a 250 
mL conical flask and extracted with 200 mL distilled 
water. The flask containing the mixture was suspended 
on a heater with a magnetic stirrer (MSH 10, Labcon 
Consumables, South Africa) (6 g) exposed to heat at 65 
°C for 4 hours. The cooled mixture was filtered using 
adsorbent cotton wool followed by Whatman filter pa-
per No 1 and thereafter centrifuged (BHG Roto Uni II, 
Germany) (650 g) for 5 min to collect the supernatant 
used for the synthesis of ZnONPs.
Synthesis of ZnONPs
One hundred millilitres (100 mL) of zinc oxide (1 M) 
and freshly generated L. montana aqueous leaf extract 
(ratio 1:1) was mixed in a 200 mL conical flask, subjected 
to continuous agitation (10 g) at 70 °C for 4 hours to 
obtain NPs solution. The mixture was cooled at room 
temperature and centrifuged at 10000 g for 20 minutes 
and the residue, NPs pellets were washed four times with 
distilled water, dried at 50 °C and kept at -80 °C pending 
further characterisation and analysis (Ogunyemi et al. 





The synthesised Lessertia montana zinc oxide nanoparticles 
(LmZnONPs) was characterised (first of all) by measur-
ing and noting the point of optimum absorption using 
ultra-violet visible (UV) 5 Bio spectrophotometer (Metler 
Toledo, Switzerland) in the 100 – 800 nm range with aim 
of evaluating the optical property of the ZnONPs.
Scanning electron microscope (SEM) / energy-dispersive x-
ray spectroscopy (EDS)
The synthesised ZnONPs’ structural morphology and 
elemental composition were analysed with the use of SEM 
combined with energy dispersive spectrum (EDS) using 
Tescan Vega 3 SEM Oxford X-MaxN EDS equipment. A 
small quantity of synthesised L. montana ZnONPs powder 
was sparingly sprinkled on the carbon-coated copper grid 
and thereafter dried under mercury lamp for 10 minutes.
Fourier transform infrared spectroscopy (FT-IR)
Lessertia montana ZnONPs were subjected to the Fourier 
transform infrared (FTIR) machine, to have an insight 
about the functional biomolecules embedded in the syn-
thesised NPs and this, was achieved with the aid of 
Spectrum 100 series FTIR spectrometer (Perkin Elmer, 
Waltham, Massachusetts, United States). The sample was 
scanned (4 cm-1 resolution) in the spectra or wavelength 
range of 650-4000 cm-1 at room temperature.
X-ray diffraction (XRD)
The D8 advance diffractometer (Bruker AXS, Germany) 
using a LynxEye detector was used. The voltage set at 
40 kV, tube current 40 mA and Cu-Kα radiation (λKα1 
= 1.5406Å) was employed providing information about 
the morphology of the NPs. The recorded range of 2ϴ 
was 20-100 with a 0.5-second/step, equivalent to an ef-
fective time of 92 second/step for a scintillation counter. 
The Debye-Scherrer’s formula was used to estimate the 
crystallite particle sizes.
Antioxidant assays
The free radicals scavenging activities of the synthesised 
NPs were assessed using DPPH, ABTS, and metal chelat-
ing assays.
DPPH radical scavenging activity
The method of Braca et al. (2001) was adopted to deter-
mine the reduction of 1, 1-diphenyl-2-picrylhydrazyl 
(DPPH) radical by L. montana ZnONPs and other samples 
(extract, ZnO and quercetin) at various concentrations 
(0.125 – 1.000 g/L) prepared in 10% dimethyl sulfoxide 
(DMSO). Briefly, 0.1 mL of the samples were exposed to 
0.1 mL methanolic solution (0.004%) DPPH radical in 
a 96-well microtiter plate. Subsequently, the inhibition 
of the DPPH radical by the samples was viewed by the 
changes in colour from pink to yellow and golden follow-
ing 30 minutes incubation in the dark. The absorbance 
was measured at 517 nm. The percentage inhibition of 
the sample that scavenged DPPH radical was calculated 
using the expression [(A0–A1)/A0] x 100, where A0 is the 
absorbance of the control, and A1 is the absorbance of 
the sample. The half-maximal inhibitory concentration 
(IC50) values of the samples were calculated graphically 
and accordingly (Balogun and Ashafa 2016a).
ABTS radical determination
The ability of the samples to scavenge ABTS+ chromophore 
resulting from the reaction of ABTS solution with potas-
sium persulfate was determined based on Re et al. (1999) 
method. 50 mL of 7 mM aq. ABTS and 2.45 mM K2S2O7 
(50 mL) were prepared, reacted in the dark for 16 hours 
to produce an ABTS-K2S2O7 solution. Approximately 
0.2 mL of the solution was exposed to 0.02 mL aliquot 
of the sample and absorbance measured after 15 minutes 
of incubation at 734 nm using a BIO-RAD microplate 
reader (model 650, Japan).
Metal chelating activity
Dinis et al. (1994) protocol for determining the chelat-
ing capacity of a substance was used. One hundred µL 
L. montana ZnONPs and other samples at the tested 
concentrations were mixed with 0.5 mL 2 mM FeCl2 
solution and the reaction began with the addition of 0.2 
mL (5 mmol/L) ferrozine, shook vigorously and thereafter 
allowed to stand at room temperature for 600 seconds. 
The spectrophotometric measurement of the mixture 
was taken at 562 nm. The percentage inhibition of fer-
rozine–Fe2+ complex formation was determined from the 
expression [(A0–A1)/A0] x 100 as described above.
In vitro antidiabetic potentials
The alpha-amylase (α-AML) and alpha-glucosidase 
(α-GCD) assays were used to assess the antidiabetic 
activity (in vitro) of the green synthesised ZnONPs as 
presented in the reports of various authors below.
α-Amylase inhibitory assay
McCue and Shetty (2004) modified procedure was adopted 
in determining the inhibitory effect of α-AML by the L. 
montana zinc oxide nanoparticles. In brief, 50 μL of the 
samples (ZnONPs, extract, ZnO and acarbose) at ranging 
concentrations of 0.125 – 1.000 g/L were reacted with the 
same volume of α-AML prepared in sodium phosphate 
buffer (SPB; 0.02 M, pH 6.9) at a concentration of 0.5 g/L 
and pre-incubated at 25 °C for 10 minutes. Subsequently, 
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the addition of 50 μL of the 1% starch solution into the 
sample wells followed by 0.1 mL of di-nitro salicylic acid 
(DNS) reagent to stop the reaction and incubated at 25 
°C for another 10 minutes. The mixture was suspended 
in boiling water for 5 minutes, thereafter cooled, diluted 
with 1 mL distilled water (DW), and measured the ab-
sorbance at 540 nm. Distilled water replaced the extract 
to represent the control using the same protocol. The 
α-amylase inhibitory activity was calculated as percentage 
inhibition following the above expression [(A0–A1)/A0] x 
100 and the IC50 calculated graphically as defined in the 
report of Balogun and Ashafa (2016a).
Kinetics of α-amylase inhibition
The mode of α-AML inhibition by L. montana ZnONPs 
was evaluated according to Ali et al. (2006) method. The 
reaction mixture contained 0.25 mL synthesised ZnONPs 
(5 mg/mL) pre-incubated with 0.25 mL α- AML solution 
for 10 minutes at 25 °C in a set of 5 test tubes and  0.25 
mL phosphate buffer (PB) pre-incubated with 0.25 mL 
α-AML in another set of 5 test tubes. Thereafter, 0.25 mL 
starch solution in increasing concentrations (0.30 – 5.00 
gL-1) was dispensed in all test tubes to set the reaction in 
motion, followed by the introduction of DNS (0.02 mL) 
to bring the reaction to an end. The protocol continued 
as described above in the α-amylase inhibitory assay. 
Moreover, in an effort to determine the amount of reduc-
ing sugars released and converted to reaction velocities, 
a maltose standard curve was plotted, where the kinetics 
of inhibition of α-AML activity by synthesised ZnONPs 
was determined using Lineweaver and Burk (1934).
α-Glucosidase inhibitory assay
The antidiabetic effect of the L. montana ZnONPs was also 
assessed on the α-glucosidase enzyme using the procedural 
description of Kim et al. (2005) where the substrate, p-
nitrophenyl glucopyranoside (pNPG) (5 mM) used was 
prepared in 0.02 M phosphate buffer (pH 6.9). Fifty μL of 
the varying concentrations of the samples (0.125 – 1.000 
g/L) pre-incubated with 0.1 mL α-glucosidase (0.5 g/L) 
were mixed in a test tube. Fifty μL pNPG was afterward 
introduced into the reaction mixture to begin the reac-
tion while 2 mL Na2CO3 (0.1 M) was finally dispensed 
to stop the process followed by incubation at 37 °C for 
30 min. The α-glucosidase activity was determined by 
measuring the yellow-coloured para-nitrophenol (pNP) 
released from pNPG at 405 nm as the percentage inhibi-
tion determined by adopting the expression [(A0–A1)/A0] 
x 100 and the IC50 obtained as explained in the work of 
Balogun and Ashafa (2016a).
Mode of α-glucosidase inhibition
Ali et al. (2006) modified method was used to explore 
the kinetics of inhibition of the enzyme by synthesised 
ZnONPs. In summary, 0.05 mL (5 g/L) sample was diluted 
with 0.1 mL of α-GCD solution pre-incubated for 10 min-
utes at 25 °C in a set of five vials and concurrently, α-GCD 
solution reacted with 0.05 mL phosphate buffer (pH 6.9) 
in another set of 5 vials. Subsequently, fifty microliters 
pNPG in ascending concentrations (0.125 – 2.000 g/L) 
was introduced to the two sets of test vials to kick-start 
the reaction process and the mixture allowed to incubate 
at 25 °C for 10 minutes. Finally, the reaction was termi-
nated with 0.5 mL of Na2CO3. A para-nitrophenol (p-NP) 
standard was used to depict spectrophotometrically the 
amount of reducing sugars released and kinetics of L. 
montana ZnONPs on the α-glucosidase activity determined 
using Michaelis-Menten kinetics.
Statistical analysis
Data analyses were carried out by one-way analysis of 
variance (ANOVA), followed by Bonferroni’s multiple 
comparison test. Results expressed as mean ± standard 
error of mean (SEM) using Graph pad Prism version 3.0 
for Windows, Graph Pad Software, SanDiego, California, 
USA.
RESULTS AND DISCUSSION
The simplicity, stability, affordability, and eco-friendliness 
of the synthesised NPs from medicinal plants afford great 
relevance to the biological methods in nanotechnology, 
hence the acceptability in drug discovery and development 
(Sun et al. 2019). The antioxidant and antihyperglycaemic 
potentials of the aqueous leaf extract of Lessertia montana 
(Alimi and Ashafa 2017) propelled undertaking the study 
to evaluate the effect of the synthesised nanoparticle (Les-
sertia montana ZnONPs) on these disease conditions. In the 
work of Alimi and Ashafa (2017), various phytochemicals 
such as alkaloids, flavonoids, phenols, saponins, etc. are 
detected in the aqueous extract of the leaf and in fact, these 
phytoconstituents are regarded as polyphenols (Ezealisiji 
et al. 2019) and also depicted by the various functional 
groups on the FTIR spectrum. Therefore, the probable 
mechanism of ZnONPs synthesis from L. montana entails 
the reaction of Zn2+ in the solution with the polyphenols 
(flavonoids, alkaloids, phenols) in the extract resulting in 
the reduction of the Zn2+ to ZnO, which on complexation 
will (at the end of the reaction) form ZnONPs (Basneth 
et al. 2018; Ogunyemi et al. 2019; Ezealisiji et al. 2019).
The zinc oxide nanoparticles synthesised using L. 
montana leaves extract was observed to give a light-yel-
low precipitate, dried to obtain ZnO nanopowder used 
in the characterisation processes (CP). The CP was in-
itiated with a UV-Vis spectrophotometer to determine 
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the region of optimum absorption of the ZnONPs (Fig. 
1) observed at a wavelength range of 387.5 nm (Fig. 1) 
after being monitored on the spectra range between 
100 - 800 nm. The observed absorbance value aligned 
with the reports of previous authors who submitted the 
maximum absorption of ZnO to be in 380-387 range 
(Nithya and Kalyanasundharam 2018; Mohammadian et 
al. 2018; Ogunyemi et al. 2019). However, it must be noted 
that the differences in the absorption of a substance and 
in this case, ZnO nanoparticle is dependent on several 
factors including synthesis procedure, particle size, shape, 
contamination, and so on. Intriguingly, the observed 
absorption of L. montana ZnONPs at 387 nm was in line 
with the submission of Nithya and Kalyanasundharam 
(2019) for C. halicacabum leaf. Additionally, the energy of 
the bandgap was calculated from the expression E = hv 
= hf = hc/λ since f = c/λ
Where ‘h’ denotes the Plank’s constant, ‘c’ signify the 
speed of light while ‘λ’ connotes the wavelength
The optical band gap energy for L. montana ZnONPs 
was calculated to be 3.2 eV. It is worthy of mention 
that different studies have reported different values for 
ZnONPs. In a study, it is submitted at 3.88 eV (Ogunyemi 
et al. 2019), whereas other reports maintained that it 
varies between 3.1 to 3.3 eV (Srikant and Clarke, 1998) 
and 3.16 - 3.22 eV (Ramesh et al. 2014; Rehana et al. 2017) 
while others (Vishnukumar et al. 2018; Kalpana and 
Devi Rajeswari 2018) established it at 3.3 eV and 3.37 eV, 
respectively. However, variation in band gap energy has 
been suggested to be due to valence band-donor transition 
overpowering the optical absorption (Srikant and Clarke 
1998). The obtained value for the study was in agreement 
with the report of Ramesh et al. (2014).
Fourier transform infrared spectroscopy was per-
formed on the synthesised ZnONPs with the view to 
depict the likely functional groups or the phytochemi-
cals acting as capping and stabilizing agents. FTIR was 
similarly undertaking to express the vibrational and 
rotational motion of the concerned molecule. Thus, the 
FTIR spectrum for L. montana ZnONPs revealed a peak 
at 3365 cm-1 corresponding to the O-H stretching of 
hydroxyl groups. Bayrami et al. (2020) citing from the 
work of Sundrarajan et al. (2015) submitted that peaks 
in the region of 3700 to 3300 are due to O-H stretch-
ing vibration.  Peaks at 2945 cm-1, 1412 cm-1 1046 cm-1 
corresponded to broad bands of medium C-H (Bayrami 
et al. 2020), strong C-C and strong, broad CO-O-CO 
stretching due to alkanes, aromatic group (Elumalai et al. 
2015; Rehana et al. 2017), and anhydride respectively. The 
peak at 1596 cm-1 corresponds to medium N-H bending 
due to amine region, 892 cm-1 corresponded to strong 
C=C bending due to alkene (vinylidene) and 699 cm-1 due 
to strong C=C bending due to alkene (cis disubstituted) 
(Fig. 2). The reports of Alimi and Ashafa (2017), as well as 
Ashafa et al. (2019), reported various phytochemicals such 
as alkaloids, flavonoids, phenolics, tannins, triterpenes, 
phytosterols, and cardiac glycosides. Interestingly, most 
of these functional groups observed in the FTIR spectra 
underlie these phytochemicals. Typically, alkaloids contain 
nitrogen groups such as amide; phenols and flavonol (a 
class of flavonoids) bear OH groups attached to the aro-
matic ring structures. In line with the aforementioned, 
the presence of these functional groups in the spectrum is 
indicative that these secondary metabolites bond strongly 
to ZnONPs despite several washing, hence, the possible 
association between the phytoconstituents and surface 
of the Zn resulting in the potential conversion of ZnO 
Figure 1. UV-Vis spectra of synthesised L. montana ZnONPs showing 
the maximum absorbance at 387.5 nm.
Figure 2. Fourier transform infrared (FTIR) spectra of L. montana 
ZnONPs showing various prominent peaks.
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to ZnONPs while maintaining the stability of ZnONPs 
(Rajakumar et al. 2018).
The use of the SEM technique on a substance accords 
information on the morphology of the substance and in our 
case, the synthesised ZnO nanostructures. In the present 
study, a critical view of the NPs morphology indicated a 
mixture of cubical and spherical structures which was in 
agreement with the work of Rajakumar et al. (2018) though 
the presence of the cubic-like structures were more (Fig. 
3A, 3B and 3C) with varying size ranging from 154.78 to 
521.47 nm (Fig. 3B). The energy dispersive spectra (EDS) 
provided details on the composition of the elements, i.e. 
zinc and oxygen involved in the compound ZnO or the 
stoichiometric ratio, found to be 82.6 and 17.4 proportion 
respectively in this study (Fig. 4). The observed revelation 
is indicative of the usage of an analytical grade of zinc 
oxide (chemical) powder (Kumar et al. 2013; Ogunyemi 
et al. 2019) for the L. montana ZnONPs synthesis. Inter-
estingly, the EDS spectrum showed the presence of other 
elements including nitrogen and carbon, which could be 
attributed to the endowed bioactive constituents available 
in L. montana plant and responsible for the stabilization of 
ZnONPs as established in the report of Bala et al. (2015).
Fig. 5 showed prominent peaks (arising from ZnO) 
positioned at various 2ϴ values 31.8, 34.4, 36.3, 47.5, 56.6, 
62.9, 66.4, 68.0, 69.1, 72.6, 77.0 and 81.4 degrees which 
correspond to ‘hkl’(miller indices) crystal planes of 100, 
002, 101, 102,110, 103, 200, 112, 201, 004, 202 and 104, 
respectively. The Scherer equation adopted to evaluate 
the green synthesised ZnONPs crystallite size as shown 
in the expression below:
D = Kλ/βCosϴ
Where D represent the crystallite size, K is the shape 
factor (constant) and equals 0.94, λ is the x-ray wavelength 
(1.5406Å) and β is the full width at half maximum of the 
dominant or peak of interest. Thus, the D values for the 
L. montana ZnONPs visible peaks are 27.3, 24.8, 23.3, 14.7, 
11.6, 8.6, 7.3, 11.0, 9.6, 11.3, 7.9 and 8.6 nm, respectively. 
These values (sizes) are smaller as compared to the SEM 
(larger size) report, attributed to the agglomeration of the 
smaller size particles (Ogunyemi et al. 2019) particularly 
if the synthesis occurs in an aqueous medium (Rajakumar 
et al. 2018) as achieved in this study. The crystallite sizes 
ranged between 7.3 to 27.3 nm with an average size of 
Figure 3. A, B and C are SEM pictures of synthesised L. montana ZnONPs at 2 µm, 1 µm and 500 nm, respectively.
Table 1. Free radicals potentials and metal chelating effect of synthesised L. montana ZnONPs.
Parameters IC50 (g/L)
L. montana ZnONPs L. montana ZnO Quercetin
DPPH 0.120 ± 1.42a* 0.261 ± 1.55b 1.165 ± 5.60c 0.349 ± 4.27d
ABTS 0.711 ± 8.07a 0.964 ± 7.27b 1.166 ± 9.45c 0.093 ± 3.77d
Metal chelating 0.184 ± 5.94a 0.554 ± 3.00b 0.591 ± 3.15c 0.027 ± 9.87d
ZnONPs: zinc oxide nanoparticles; DPPH: 1,1-diphenyl-2-picrylhydrazyl; ABTS: 2,2-azino benzothiazolidine(-6-sulphonic) acid; ZnO: zinc oxide
*Values with different superscript letters along the same column for each parameter are significantly different (p < 0.05) from each other
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13.8 nm. Interestingly, very few studies on ZnO using 
medicinal plants have this type of very small nano-sized 
particles. Smaller-sized nanoparticles are endowed with 
larger surface area to volume ratio, which enhances their 
binding to cell’s surface, according them a great deal of 
preference in biological applications (Rehana et al. 2017; 
Vishnukumar et al. 2019).  
The negative consequences of free radicals have ne-
cessitated research into this field (free radical chemistry). 
Free radicals (FRs) are reactive oxygen or nitrogen species 
produced by the body on exposure to diseased state (Lobo 
et al. 2010). It must be noted that FRs are not necessarily 
bad but excessive production in the body system is what 
must be guided against. Hence, equilibrium between 
FRs and the body’s antioxidant defence mechanism must 
be maintained for the proper functioning of the cells, 
otherwise, it results in a state of oxidative stress, which 
means the defence mechanism of the body is overpowered 
or compromised and ultimately result into cell death. 
Thus, prompt intervention with the use of antioxidants 
(synthetic or natural) is necessary (Balogun and Ashafa 
2016b). In an effort to study the effect of antioxida-
tive substances on free radicals, various in vitro (DPPH, 
ABTS, hydroxyl radicals, superoxide anions, etc.) and in 
vivo methods are adopted by researchers. In this study, 
the antioxidative potential of the synthesised NPs was 
evaluated on DPPH and ABTS as well as metal chelating. 
It was observed that going by half-maximal inhibitory 
concentration results, L. montana ZnONPs performed 
exceedingly well (p < 0.05) in all the assays including DPPH 
(120.31 µg/mL), ABTS (711.45 µg/mL) and metal chelat-
ing (184.16 µg/mL) when compared with other samples 
(extract, ZnO and quercetin) except with ABTS and metal 
chelating where the control, quercetin displayed better (p 
< 0.05) activity (93.94, 27.81 µg/mL, respectively) which 
is expected (Table 1). The excellent activity observed by 
synthesised ZnONPs against DPPH as reflected in the 
colour change from pink to yellow is an indication of its 
potential in reducing stable DPPH with its hydrogen ion 
donating-ability. DPPH method is the most important 
assay for the determination of the antioxidant potential 
of a substance or compound (followed by ABTS assay) 
(Sanchez-Moreno et al. 1999; Sagar and Ashok 2012). The 
mechanism of action is that the antioxidant substance 
donates hydrogen atom to the radical (DPPH) with an 
Figure 4. Energy dispersive spectra (EDS) of the synthesised L. montana ZnONP showing the elemental composition of ZnO in the nanostructures 
(left) and the corresponding image (right).
Figure 5. XRD spectrum of synthesised L. montana ZnONPs.
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unbalanced shell electron, resulting in the reduction or 
reduced form of the radical, and when this is achieved, 
the pink colour of the radical changes to yellow. Sum-
marily, since the introduction of antioxidant substance 
cushions or fortifies the weakened defence mechanism 
preventing cell death (Lewinski et al. 2008; Lobo et al. 
2010), L. montana ZnONPs may be suggested to exhibit 
a similar role. Interestingly, these findings corroborate 
the reports of similar studies where synthesised ZnONPs 
from medicinal plants inhibits the activities of the studied 
radicals. Typically, the activity of Costus igneus aqueous 
leaf (20-100 µg/mL) extracts was compared with Ci-ZnO 
(nanoparticle) against DPPH and was found to depict 75% 
inhibition as compared with extract alone having 55% 
(Vinotha et al. 2019). Additionally, in a study by Rehana 
et al. (2017), where the free radical scavenging potentials 
of five plants (A. indica, H. rosa-sinensis, M. koenigi, M. ole-
ifera, and T. indica) used in the synthesis of ZnONPs were 
tested against ABTS, DPPH, hydroxyl radical, superoxide 
radical and hydrogen peroxide revealed significant ac-
tivities better than standards (ascorbic acids and rutin) 
(Rehana et al. 2017). A similar trend was also reported 
in the work of Rajakumar et al. (2018) with Andrographis 
paniculata leaf ZnONPs curbing the activities of DPPH, 
reducing power and nitric oxide.
Diabetes mellitus is a chronic metabolic disease char-
acterised by hyperglycaemia due to abnormalities in pro-
tein, carbohydrate, and lipids metabolism resulting from 
ineffective insulin or insulin-resistant or both (Krentz 
and Bailey 2005; Rehana et al. 2017). During postprandial 
hyperglycaemia, the utmost management approach of the 
ailment is to inhibit the constant production of glucose 
(available in the blood) aided by hydrolysing enzymes 
such as alpha-amylase (found in the pancreas) and alpha-
glucosidase (found in the brush border of the intestine) 
(Balogun and Ashafa 2017). Notable inhibitors of these 
enzymes are acarbose, miglitol, and so on, which act by 
slowing down the persistent hydrolysis of starch to pro-
duce glucose. Sadly, these inhibitors come with side effects 
such as gastrointestinal (GIT) discomfort, bloating, etc., 
hence, looking for an alternative inhibitor from natural 
products without side effects becomes germane (Sathya 
and Siddhuraju 2012; Rehana et al. 2017). Moreover, it is 
important to state that any inhibitor with this feature must 
be able to inhibit alpha-amylase mildly while inhibiting 
alpha-glucosidase strongly. A view of the antidiabetic 
result from the study showed that the L. montana aque-
ous extract (0.197 g/L) and synthesised ZnONPs (0.037 
g/L) revealed the best potential at significantly (p < 0.05) 
inhibiting the activities of α-amylase and α-glucosidase 
respectively when compared with other samples and 
standard, acarbose (0.594 and 0.065 g/L, respectively). 
Intriguingly, as reiterated above, L. montana ZnONPs 
showed a character depicted of a good antihyperglycaemic 
agent with the lowest IC50 value (0.037 g/L) against alpha-
glucosidase (strongest inhibition) and highest IC50 value 
(0.620 g/L) against alpha-amylase (mildest inhibition) 
(Table 2). The result is in tandem with the revelation from 
Rehana et al. (2017) where T. indica ZnONPs exhibited the 
highest inhibitory concentration against alpha-amylase 
and alpha-glucosidase enzymes as compared with other 
four plants, whose inhibitions are better than ZnONPs 
synthesised by chemical method. Moreover, too, ZnONPs 
synthesised by A. paniculata revealed a moderate alpha-
amylase activity, which was better than the extract coun-
terpart (Rajakumar et al. 2018). 
In this study, the likely mode of inhibition for α-amylase 
by L. montana ZnONPs established a constant Vmax value 
Figure 6. A competitive inhibition of alpha-amylase (A) and non-
competitive inhibition of alpha-glucosidase (B) by L. montana ZnONPs.
Parameters IC50 (g/L)
L. montana ZnONPs L. montana ZnO Acarbose
α-amylase 0.620 ± 3.35a* 0.196 ± 3.39b 0.300 ± 5.37c 0.594 ± 1.48d
α-glucosidase 0.037 ± 7.48a 0.095 ± 7.38b 0.119 ± 4.23c 0.065 ± 5.38d
Table 2. Inhibitory activities of synthesised L. montana ZnONPs on hydrolysing enzymes of carbohydrates.
ZnONPs: Zinc oxide nanoparticles; ZnO: Zinc oxide.
*Values with different superscript letters along the same column for each parameter are significantly different (p<0.05) from each other
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(0.0021 mM/min) between the control and NPs with a 
decreased Km values from 0.579 mM-1 (control) to 0.116 
mM-1 (L. montana ZnONPs) signifying a competitive 
inhibition (Fig. 6A). The implication of this is that syn-
thesised L. montana ZnONPs competed with the substrate 
at binding at the active site of the enzyme, thus slowing 
down the conversion of carbohydrate to disaccharides. 
On the other hand, a constant Km value (0.14 mM-1) and 
a decreased Vmax values from 0.066 mM/min to 0.015 
mM/min for alpha-glucosidase thus, depicting a non-
competitive inhibition (Fig. 6B). This thus indicates that 
L. montana ZnONPs possibly binds to a site apart from 
the active site of the enzyme thereby binding with either 
free enzyme or enzyme-substrate complex interfering 
with the action of both (Mayur et al. 2010).
CONCLUSION
The Lessertia montana synthesised zinc oxide nanoparticles, 
no doubt, revealed good antioxidative and antidiabetic 
potentials which could be attributed to the presence of 
phytonutrients. Hence, the need to embrace plant-derived 
nanoparticles becomes vital, not only because of its low 
cost of synthesis, environment friendliness etc. but ow-
ing to the enhanced activity as compared with the bulk 
extract (as depicted in this study). Furthermore, the 
relatively small size of NPs, which would aid effective 
absorption or penetration into cells, including possible 
interaction with the cell surface of biomolecules in order 
to elicit adequate cellular responses would be preferable 
for biological applications.  
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Arsenic (As) is a naturally occurring element in the Earth’s 
crust. It is a metal element that is naturally present in 
water, air and soil, and is absorbed by some food crops 
as they grow (Hughes et al. 2011). It is not an additive or 
ingredient in foods and cannot be eliminated from the 
food we eat or the water we drink. The main sources of 
arsenic pollution include certain pesticides and herbicides, 
wood preservatives, phosphate fertilizers, industrial waste, 
mining activities, coal burning and smelting (Manjarrez-
Domínguez et al. 2019). There are two general types of 
arsenic compounds. It is present in two general forms: 
inorganic and organic. These classifications are based on 
their carbon chemistry and are strictly not classified by 
the method of farming - as arsenic is in soil and water, 
both organically- and conventionally grown crops will 
contain arsenic. The inorganic arsenic is widely consid-
ered as detrimental to health (Sanchez et al. 2016). Studies 
have found alarming levels of arsenic in rice. For many 
people, rice is a simple and comforting food. In Asia rice 
is an ancient symbol of wealth, success, fertility, and 
good health. More than half the world’s population, it 
is a staple food and makes up a large portion of people’s 
diets. Millions of people around the world are exposed 
to drinking water that contains high amounts of inor-
ganic arsenic mainly south America and Asia (Choi et 
al. 2010). Fish, shrimp, shellfish, and other seafood may 
contain significant amounts of organic arsenic, the less 
toxic form. Rice absorbs more arsenic from water and 
soil compared to other common food crops. Moreover, 
studies show that arsenic exposure is more critical in 
rice than in any other food stuff (Saifullah et al. 2018) 
and the arsenic level in rice is 10 times higher than in 
wheat and barley. In addition to direct ingestion, using 
rice straw for cattle feed increases the risk of arsenic 
exposure, which is the single biggest food source of in-
organic arsenic toxic form. Arsenic may accumulate in 
the soil of paddy fields, worsening the problem. Paddy 
rice is particularly susceptible to arsenic contamination, 
due to the reasons of grown in flooded paddy fields that 
require high quantities of irrigation water, but in many 
areas the irrigation water is contaminated with arsenic 
(Seyfferth et al. 2014).
Brown rice especially might contain high levels of 
arsenic, particularly in its inorganic forms. Using con-
taminated water for cooking is another concern because 
rice grains easily absorb arsenic from cooking water 
when they are boiled. Young children are also at risk 
if rice-based products make up a large part of their 
diet. Studies showed that children who were exposed 
to arsenic in drinking water scored significantly lower 
on standardized tests (Wang et al. 2007). Also, pregnant 
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The present study arose from the need of to determine inorganic ar-
senic (iAs) at low levels in rice. Ultra-high performance liquid chromatography coupled 
with inductively coupled plasma mass spectrometry (UHPLC-ICPMS) using Kinetic Energy 
Discrimination (KED) mode to eliminate spectral interferences was used for analysis of 
iAs. Sample preparation involves extraction of inorganic arsenic (sum of As3+ and As5+) 
with water by heating at 90 °C for 5 min in water bath. Separation is accomplished with 
a reversed-phase ion pack column using a gradient chromatographic method followed 
by ICPMS analysis within 5 min. The method was validated in accordance with Com-
mission Regulation (EU) No 836/2011 and performance characteristics were verifi ed. 
Acceptable values were obtained for specifi city, repeatability (HorRatr < 0.6), within-lab 
reproducibility (HorRatR < 0.3) with recovery 80-90%, limit of quantifi cation (0.02 mg/
kg), fi tness-for-purpose and trueness (using CRM); thus, the method can be considered 























women who consumed even very low levels of arsenic from 
food products went on to have children who were much 
more likely to develop respiratory problems in the first 
four months of their lives. Arsenic consumption has also 
been linked to liver, kidney, and prostate damage (Das et 
al. 2018). The toxicity of arsenic depends not only on the 
total concentration, but also its chemical forms as these 
differ in terms of mobility, toxicity, and bioavailability. 
The inorganic trivalent arsenic (As3+) and pentavalent 
arsenic (As5+) are the most toxic forms, whereas other 
common forms including the organic monomethyl arsenic 
(MMA) and dimethyl arsenic (DMA) have significantly 
reduced toxicities. It is known that the majority of arse-
nic in marine organisms is in the form of arsenobetaine, 
which is non-toxic (Avula et al. 2008).
European Food Safety Authority (EFSA) included rice 
among the foods that most contribute to iAs exposure 
and pointed out the need to produce speciation data 
for different food commodities to estimate the health 
risk associated with dietary arsenic exposure (Llorente-
Mirandes et al. 2012). The European Committee for 
Standardization (CEN) published in 2008 a standardized 
method, EN 15517:2008, for the determination of iAs in 
seaweed. The WHO classifies arsenic as carcinogenic 
and EFSA’s latest risk assessment of arsenic found that 
exposure to arsenic in Europe is close to the limit that 
can be considered as not safe (Usydus et al. 2009). EFSA 
is therefore encouraging member states to reduce arsenic 
exposure as much as possible. According to the World 
Health Organization guidelines, the permissible level for 
total arsenic in drinking water is 10 ng/ml (WHO 2011). 
The country that has regulated the level of iAs in rice is 
China, where the maximum contaminant level permit-
ted is 0.20 mg/kg (Chen et al. 2018). Although no such 
limit exists for food products, the Food and Agriculture 
Organization / World Health Organization (FAO/WHO) 
recommend an intake no greater than 15 µg/kg body 
weight per week. The Federal Institute for Risk Assess-
ment (BfR) has assessed the proposed maximum levels in 
2014 for rice and rice products from a health point of view 
and comes to the conclusion that the maximum level of 
0.2 mg of inorganic arsenic per kilogram recommended 
for white rice is only suitable to avoid particularly high 
levels in rice. Recently, the limit for iAs in rice has been 
fixed as 0.20 and 0.25 mg/kg by Codex Alimentarius 
Commission in 2016 and the European Commission as 
per Regulation No. 2015/1006/EU in 2015. Exposure to 
inorganic arsenic is primarily of concern because of its 
cancer-causing properties (Ooki et al. 2018). Arsenic has 
been classified by the International Agency for Research 
into Cancer (IARC) as a human carcinogen on the basis 
of increased incidence of cancers at several sites in people 
exposed to arsenic at work, in the environment or through 
their diet. However, arsenic is also more acutely toxic 
than other metallic compounds and it was used in earlier 
times as a rodenticide, while continual low-level exposure 
to arsenic is associated with skin, vascular and nervous 
system disorders (Flora et al. 2007). Many methods have 
been published for the determination of iAs using Hydride 
Generation-Atomic Absorption Spectrometry. There is a 
problem in doing the analysis of arsenic speciation due to 
high pH which leads to additional deprotonation of the 
arsenate anion (Adrian 2011). In recent years, to measure 
different forms of arsenic using High-performance liq-
uid chromatography coupled with inductively coupled 
plasma mass spectrometry (HPLC- ICPMS) is used. In 
this, UHPLC separates the forms and ICP-MS detects 
them as they elute from the column. The advantage of 
ICP-MS is very sensitive and can measure trace levels, as 
demonstrated by its use to measure impurities in a wide 
range of environmental samples. Further, this method is 
applicable to meet the performance criteria considering 
the maximum levels fixed for iAs in rice as set by the 
codex and EC. In this article, we describe a fully validated 




Ammonium carbonate (EMSURE, ACS) were supplied 
by Merck (Germany) High purity water (18.2 MΩ.cm, 
0.22 μm filtered) were from a water purufucation system 
(Evoqua Water Technologies, Germany). Standard refer-
ence material of arsenite (As3+) and arsenate (As5+), 1000 
mg/l solution, traceability to NIST were purchased from 
Sigma Aldrich (Switzerland). Prepared working standards 
(10 mg/l) from 1000 mg/l standard by diluting 1 ml to 
100 ml with water and used for preparation of linearity 
standards, 0.5, 1.0, 5.0, 10, 15 and 20 µg/l mix. Syringe 
filters (0.22 µm, 25 mm) was purchased from Agilent 
Technologies (India)
Equipment
Equipment used for sample preparation: analytical balance 
(Sartorius, Switzerland), refrigerated centrifuge (Sorvall 
Legend XIR, Thermo Scientific), water bath (Equitron, 
India), and vortex (Spinax, Tarsons, India).
The chromatographic analysis was performed using 
ultra-high performance liquid chromatograph (Ultimate 
3000, Dionex, Thermo Scientific, Germany) comprising 
pump, autosampler and column compartment. Mass 
spectrometric analysis was performed using iCAP Q 
equipment (Thermo Scientific, Germany). The optimized 




Homogenized sample (0.5 g) was made up to 10 ml with 
water in a 15 ml centrifuge tube, vortexed for at least 
one minute and kept in a water bath at 90 °C for 5 min. 
Then vortexed again and centrifuged for 10 min (8000 
rpm, 5 °C) and filtered through 0.22 µm syringe filter 
and transfer to HPLC sample vial. Adopted the same 
technique for both sample and sample blank. For prepa-
ration of spike recovery sample added known volume of 
As3+and As5+ standard, adopted the same procedure as 
sample preparation.
Method validation
The method validation was performed according to 
Commission Regulation (EU) No 836/2011 amending 
Regulation of (EC) No 333/2007 and verified performance 
criteria for applicability, specificity, repeatability (RSDr), 
reproducibility (RSDR), recovery, limit of detection (LOD), 
limit of quantitation (LOQ) and fitness for purpose. 
The validation was performed at four concentration 
levels with 6 replicates in rice sample. The concentration 
levels were 0.02, 0.2, 0.5 and 1 mg/kg of inorganic arsenic 
and a total of 24 samples were spiked and analysed along 
with blank samples. The experiments were performed on 
three different occasions to evaluate repeatability and 
within laboratory reproducibility. As the rice sample con-
tains arsenic naturally and difficult to get blank sample, 
hence the rice sample was soaked in water overnight and 
cleaned three times with water then dried in oven at 105 
°C for 4 h to reduce the levels of iAs in rice, which was 
reported in earlier studies carried out by Raab et al. (2009) 
and EFSA Journal 2014. The dried sample is grinded to 
fine powder and used as blank material. The same was 
used for spike recovery study. Specificity was checked 
by analysing representative blank samples six replicates 
per day. It was observed that free from matrix or spec-
tral interferences in the region of interest. The spectral 
interference was eliminated by selecting Kinetic Energy 
Discrimination (KED) as there is no another isotope for 
arsenic. Linearity was tested from the calibration curves 
at 1, 5, 10, 15, 20 µg/l including blank was checked by 
least-squares linear regression. The calibration curves 
were best fitted to a linear curve and correlation coef-
ficients (r2) were higher or equal to 0.99.
Results and discussion
Optimization of extraction
Weighted (0.5 g) of homogenized rice is extracted with 
water using heated water bath technique to determine 
the best extraction efficiency. Earlier studies show that 
the methanol method has been widely used for arsenic 
speciation in plants (Singh and Ma 2006; Mathews et al. 
2010). Though As extraction efficiency in the fronds was 
satisfactory at 80-90%, the efficiency for the roots was 
low at ~60% (Zhao et al. 2015). This is consistent with 
Zhang et al. (2002) who reported ~60% for the roots and 
85-100% for the fronds. Further, methanol is lethal dur-
ing extraction process in addition to generating harmful 
waste. In consequence, it is essential to develop a new 
method with satisfactory extraction efficiency and less 
toxic waste. Also, the problem of deprotonation of arsenate 
anion, due to high pH using acidic extraction method, was 
eliminated by extracting with water applying heat treat-
ment. However in the present study, the extraction with 
water typically provided high extraction recoveries. The 
method was optimized by using less quantity of sample 
(0.5 ± 0.05 g) to reduce the matrix effect and minimize 
the ion suppression and ion enhancement.
Specificity
A blank sample (water) was analysed by LC-ICP-MS in 
each batch, and no signal was observed at the retention 
times of the As3+ and As5+. Therefore, reagents in the blank 
did not provoke interferences in the chromatograms. The 
presence of a high content of chloride (Cl–) in the matrices 
could lead to the misidentification of arsenic with ICP-MS 
detection (Story et al. 1992; Pretty et al. 1993). A blank 
HPLC Experimental Conditions
HPLC column Dionex IonPac AS7, RFIC,
Analytical 4 X 250 mm.
Mobile phase A) 150 mM ammonium carbonate;
B) water
HPLC elution program 0.0 - 2.0 min: 70% A, 30% B
2.2 -3.0 min: 100% A
4.0 - 6.0 min: 70% A, 30% B
Flow rate (ml/min) 1.0
Column temperature (˚C) 40
Injection volume (µl) 20
ICP-MS Experimental Condition
Plasma power (W) 1550
RF generator supply voltage (V) 38.70
Plasma cooling water flow (l/min.) 0.73
Plasma gas slow (l/min) 14
Auxiliary flow (l/min) 0.80
Collision gas flow, CCT-1 (l/min) 4.83
Nebulizer gas flow (l/min) 1.0550
Spray chamber temperature (˚C) 2.7
Operation mode Kinetic Energy Discrimination (KED)  
Peristaltic pump speed (rpm) 40
Table 1. Optimized UHPLC and ICPMS conditions for inorganic arsenic
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sample (water) spiked at 50 mg/l with Cl standard solu-
tion was analysed to check the possible interference with 
As3+ and As5+, and no signal was observed at the retention 
time of As3+ and As5+ at 1.5 min (90 sec) and 3.4 min (205 
sec), respectively. The ion intensity at m/z 75 (75As) was 
monitored and additionally, the ion intensities at m/z 77 
(40Ar37Cl and 77Se) and m/z 35 (35Cl) were monitored to 
detect possible argon chloride (40Ar35Cl) interference at 
m/z 75. However, no possible interferences were occurred, 
possibly due to the operation of the ICP-MS using KED 
mode, which was reported to eliminate poly atomic and 
isobaric interference from co-eluting chloride species 
( Juskelis et al. 2013; Day et al. 2002; Maher 2015). The 
selectivity of the method regarding the (40Ar35Cl) interfer-
ence for the arsenic species studied was verified.
Establishment of LOD and LOQ 
As per Corley (2003), for most modern analytical methods, 
the detection limit may be divided into two components, 
instrumental detection limit (IDL) and method detection 
limit (MDL). In the validation study, IDL and instrumental 
quantification limit (IQL) were calculated for As3+ and As5+ 
on the standard deviation of y-intercepts of regression 
analysis (σ) and the slope (S) of the standard curves, using 
the following equation, IDL = 3 σ/S. IQLs were calculated 
from the equation IQL = 10 σ/S. Limit of detection (LOD) 
has been determined analysing a solution fortified with 
concentration similar to predicted LOD, which is 0.002 
mg/kg (0.001 mg/kg As3+ and 0.001 mg/kg As5+). Limit 
of quantitation (LOQ) is set as one tenth of maximum 
limit (0.2 mg/kg) which is verified by fortifying sample 
at 0.02 mg/kg (0.01 mg/kg As3+ and 0.01 mg/kg As5+). The 
linearity of As3+, As5+ and chromatographic separation of 
inorganic arsenic is given in Figure 1.
Repeatability and within laboratory reproducibility
Precision was assessed as within-day repeatability and 
as between-day intermediate precision (Menditto et al. 
2007). In both cases, spiking experiments were carried 
out by adding As3+ and As5+ standards to rice samples 
and homogenized. The mixtures were then extracted as 
stated in sample preparation. Unspiked samples were also 
analysed in order to calculate the spike recovery. Preci-
sion, expressed in terms of relative standard deviation (% 
RSD) of iAs recovery, was assessed by analyzing spiked 
rice samples at 0.02 mg/kg (LOQ), 0.2 mg/kg, 0.5 mg/kg, 
and 1 mg/kg levels. For evaluate the between-day preci-
sion, three different analysis days and different analysts 
for spiking were taken into consideration. For within-
day repeatability, six samples for each spiking level were 
analysed within a day. The precision acceptance criterion 
(Deventor et al. 2005; Frys et al. 2011) matches the 2/3 
Horwitz function (Horwitz 1982). Satisfactory precision 
was obtained in all cases, and the results obtained are 
consistent with the precision acceptance criteria.
As precision often varies with analyte concentration, 
precision repeatability was calculated for inorganic arsenic 
(sum of As3+and As5+) at four spiking levels 0.02, 0.2, 0.5 
and 1 mg/kg (individual concentration of As3+and As5+ at 
0.01, 0.1, 0.25 and 0.5 mg/kg (each concentration 6 times). 
The repeatability was calculated as relative standard 
deviation (RSDr) of measurements for the sample, done 
by the same analyst, on the same instrument within a 
short period of time. The % RSDr, and HorRatr (Horwitz 
and Albert 2006; Thomson 2000) ranged was tabulated 
in Table 2.
The reproducibility was determined through the 
analysis of blank rice samples fortified in six replicates 
at four spiking levels 0.02, 0.2, 0.5 and 1 mg/kg (each 
concentration 6 times). Six replicate test portions at each 
of the four fortification levels (n = 18) were analysed on 
three separate days. Repeatability HorRatR (Horwitz and 
Albert 2006; Thomson 2000) and within lab reproduc-
ibility data were tabulated in Table 2.
The average recovery for inorganic arsenic was around 
89% with HorRatr ranged from 0.05 to 0.16 and HorRatR 
ranged from 0.04 to 0.08 which is less than 2 as per criteria 
in line with EU 836/2011.
The intra- and interday data were used for the respec-
tive determination of the repeatability (r) and within-lab-
oratory reproducibility (R). Precision (intra- and interday) 
was established through the estimation of HorRatr and 
HorRatR. The Horwitz equation (Horwitz et al. 1980) was 
used for estimation of precision at 0.20, 0.50 and 1.0 mg/
kg, and the modified equation (Thompson 2000) was used 
for precision at 0.02 mg/kg using the following equations 
as per EU No. 836/2011:




HorRatr = observed RSDr/calculated RSDR using 
(modified) Horwitz equation; and
HorRatR = the observed RSDR/calculated RSDR using 
(modified) Horwitz equation.
RSDR was calculated by using the Horwitz equation 
2C(−0.15).
Where, C = the concentration ratio 1.2 × 10 –7 ≤ C ≤ 
0.138); and by using the modified Horwitz equation (22%) 
for the concentrations less than 1.2 x 10-7.
Recovery and ruggedness
Since certified reference materials were used for the ana-
lytes and matrices of interest, the recovery from spiked 
blank samples was measured as an alternative to trueness. 
The recoveries were calculated for iAs by spiking at four 
levels viz. at 0.02 mg/kg (LOQ), 0.2 mg/kg, 0.5 mg/kg, 
and 1 mg/kg which are tabulated in Table 2. Also, to check 
the trueness, certified reference (ERM-BC211) material 
was used and achieved 125.03 µg/kg (100.8% recovery) 
against certified value 124 ± 11 µg/kg. The reproducibility 
(RSDR) achieved 6.0% and HorRatR 0.28 which was within 
acceptance criteria (less than 2) and found satisfactory.
The analytical method is tested with a fortified sample 
under different experimental conditions and the different 
analyst to check the ruggedness. The recovery was 80% 
with RSDr 3.53% and HorRatr is 0.24 which is within the 
acceptance criteria (EU No. 836/2011).
 Measurement uncertainty and fitness for purpose ap-
proach
The measurement uncertainty in estimation of iAs in rice 
corresponds to various sources like weighing balance, 
water bath, volume, centrifuge, temperature, standard 
purity, dilutions, calibration curve, repeatability. The 
type A source was the repeatability obtained through the 
method, and the type B sources included the calibration 
graph, standard stock solution preparation, sample weight, 
make-up volume, and water bath temperature. The stan-
dard uncertainty due to type A source was calculated as
The standard uncertainty due to the calibration graph 
was calculated as
where C0 = mean concentration of readings (μg/kg); SDxy 
= the residual SD; b = slope; p = number of readings; n = 
the number of calibration concentrations; Cm = the mean 
value of calibration standards; Sxx = Σ(Ci - Cm )2 where 
Ci = concentration of calibration standard at level i.
The standard uncertainty due to the standard stock 
solution was calculated as
where U1 to U5 are the relative standard uncertainties 
due to purity and dilution of standards.
The standard uncertainty due to the weight of the 
sample was calculated as
where USM = the uncertainty of the balance.
The standard uncertainty due to volume was calcu-
lated as
Element Spiked at 
(mg/kg)
Repeatability Within laboratory reproducibility
Average recovery (%) RSDr (%) HorwitzRSDr HorRatr Average recovery (%) RSDR (%) Horwitz RSDR HorRatR
As3+
0.01 94.35 2.11 14.52 0.15 90.76 1.53 22.00 0.07
0.1 95.09 0.47 14.52 0.03 90.80 0.93 22.00 0.04
0.25 94.27 1.27 12.91 0.10 89.87 1.18 19.56 0.06
0.5 97.26 0.79 11.63 0.07 92.53 1.57 17.63 0.09
As5+
0.01 84.33 8.19 14.52 0.56 80.15 4.51 22.00 0.21
0.1 83.30 1.18 14.52 0.08 80.12 1.22 22.00 0.06
0.25 80.32 0.83 12.91 0.06 80.86 1.02 19.56 0.05
0.5 81.75 0.58 11.63 0.05 80.59 0.86 17.63 0.05
Inorganic As 
(sum of As3+ 
+ As5+)
0.02 89.34 2.35 14.52 0.16 85.46 1.68 22.00 0.08
0.2 89.20 0.63 13.35 0.05 85.46 0.93 22.00 0.04
0.5 87.29 0.60 11.63 0.05 83.87 0.78 17.63 0.04
1.0 89.51 0.58 10.49 0.06 85.06 0.99 15.89 0.06
Table 2. Recovery, repeatability and within lab reproducibility of inorganic arsenic in rice.
URep = σ/√p, where p = the number of readings
U(Co) = u(C0) =            ×          +      +  
USTD = STDConc. ×    (U12 + U22 + U32 + U42 + U52)
USample mass =    2 × (USM/2)2
UPipette-vol. =    2 × (Umicropipette/2)2
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The standard uncertainty due to make-up volume 
was calculated as
The standard uncertainty due to water bath tempera-
ture was calculated as
The standard uncertainty due to centrifuge tempera-
ture was calculated as
The standard uncertainty due to centrifuge rpm was 
calculated as
The combined uncertainty was calculated as
The expanded uncertainty was calculated at the 95% 
confidence level using a coverage factor of k = 2. Mea-
surement uncertainty was estimated by following the 
EURACHEM/CITAC Guide CG4. It adopted the ap-
proach of grouping the uncertainty components into two 
categories based on their method of evaluation, i.e. type 
UCentrifuge rpm =    2 × (UCentrifuge rpm/2)2
ucombined = C0 ×    (Ux12 + Ux22 + Ux32 + Ux42 + Ux52 + Ux62)
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Criteria for fitness-for-purpose 





















Table 3. Measurement uncertainty and fitness-for-purpose for inorganic arsenic in rice.
Parameter As3+ As5+ Inorganic As(sum of As3+ + As5+) Criteria as per EU No. 836/2011
Applicability Rice and cereal products Foods specified in Regulation (EC) No. 
1881/2006
Specificity Free from matrix or spectral interferences Free from matrix or spectral interfer-
ences
Repeatability* (RSDr) 0.15 0.56 0.16 HorRatr less than 2
Reproducibility* (RSDR) 0.07 0.21 0.08 HorRatR less than 2
Recovery* (%) 86-95 75-84 80-90 -
LOD (mg/kg) 0.001 0.001 0.002 0.012 (3/10th of LOQ)













Combined standard Uncertainty(uc) less 
than Maximum standard uncertainty (Uf)
Trueness (using CRM ERM-
BC211)# (µg/kg)
- - 125.03 ± 7.50 124 ± 11 (Certified value)
Table 4. Summary of method performance characteristics for inorganic arsenic in rice
UFlask-vol. =    2 × (UFlask-vol./2)2
UWater bath temp =    2 × (UWater bath temp./2)2
UCentrifuge temp =    2 × (UCentrifuge temp./2)2
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A and type B. In this case, the type A uncertainty was the 
repeatability and the type B corresponded to the calibra-
tion graph, standard stock solution, sample weight, and 
make-up volume. The observation was made under the 
same conditions of measurement at ambient temperature, 
and the sample temperature was maintained at 25 ± 2 °C. 
The standard uncertainty due to type A was 0.00044 based 
on the iAs in rice from ten different trials was measured. 
In the case of type B, the standard uncertainty due to 
the calibration graph was estimated as 0.056 and 0.109 
for As3+ and As5+, respectively; the standard uncertainty 
due to standard stock solution was 0.013; the standard 
uncertainty due to sample weight was 0.00014; and the 
standard uncertainty due to make-up volume was 0.086, 
the standard uncertainty due to temperature of water bath 
was 0.64, the standard uncertainty due to temperature 
and rpm of centrifuge were 0.37 and 19.2, respectively. 
The combined uncertainty was 0.002 and the expanded 
uncertainty was 0.004 mg/kg. The final result of iAs was 
0.02 ± 0.004 mg/kg. Similarly, uncertainty at 0.2, 0.5 and 
1.0 mg/kg was calculated, and the expanded uncertainty 
for 0.010, 0.051, and 0.101 mg/kg, respectively.
Fitness for purpose
The measurement of uncertainty was calculated at a con-
fidence level of 95% found to be less than the maximum 
standard measurement uncertainty calculated using 
formulae below as per EU 836/2011 (C3.3.1 and C 3.3.2) 
and tabulated in Table 3.
The fitness-for-purpose approach was used to assess 
the suitability of using the method for official control 
purposes. Fitness-for-purpose was calculated using the 
following formula:
where Uf = the maximum standard measurement 
uncertaintỳ (mg/kg); C = the concentration of interest 
(mg/kg); and α = the numeric factor to be used depending 
on the value of C (i.e., 0.2 for concentrations ≤0.05 mg/
kg, 0.18 for concentrations 0.051-0.500 mg/kg and 0.15 
for concentrations 0.500 - 1.0 mg/kg).
This method is applicable for determination of in-
organic arsenic (Sum of As3+and As5+) in rice and cereal 
products by LC-ICPMS at a range of 0.020 - 1.0 mg/kg. 
The summary of method performance characteristics for 
inorganic arsenic in rice as per EC 333/2007 amending 
regulation EC 836/2011 mentioned in Table 4.
Conclusion
One of the main advantages of this method is that it 
allows quantification of inorganic arsenic in routine 
analysis in easy and fast sample preparation technique. 
Using this simple extraction method using water achieves 
good repeatability and reproducibility with this method. 
Further, the trueness of the method is satisfactory with 
regard to the validation data as well as the results from 
CRM comparisons. The recoveries between 80-90%, LOD 
at 0.002 mg/kg, LOQ at 0.02 mg/kg with repeatability 
of 0.16 (HorRatr) and reproducibility of 0.08 (HorRatR) 
were obtained. The overall analysis time is less because 
the extraction time is very short and sample preparation 
is fast and robust. The method takes a full advantage of 
specificity and no interfering signals to the As3+ and As5+ 
compounds used was detected in rice. From the validation 
study, it can be concluded that trueness (% recovery) and 
precision (repeatability and within lab reproducibility) 
of method were satisfactory. The LOQ achieved is low 
enough and suitable for determining the arsenic species 
at the low levels found in the samples. The results on 
CRM shows good agreement with the certified values, as 
well as with the results on arsenic species reported in the 
literature. The criteria for acceptance as per validation 
were met and hence confirming that the method adopted 
is fit for the intended purpose (quantitative analysis of 
inorganic arsenic in rice). Based on the above satisfactory 
validation of methods of inorganic arsenic in rice with 
respect to method performance criteria as per Com-
mission Regulation (EU) No 836/2011, the method was 
fit for the purpose and deemed suitable for regulatory 
analysis of inorganic arsenic in rice by UHPLC-ICPMS 
at the stated range.
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